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1 . INTRODUCTION 
The lene 
The vertebrate eye lens is an avascular, transparent, biconvex 
structure. It is suspended, by the zonular fibers, between the aqueous chamber 
(filled with aqueous humor and located between cornea, iris and lens) at 
its anterior part and the vitreous body (filled with vitreous humor and 
located between retina and lens) at its posterior part. Its primary function 
is to refract the incident light and to focus it on the retina, thereby 
producing a sharp Image. The capacity to adjust the optical system for 
near or distant vision, accomodation, is a specialization developed only 
by some vertebrates. It is lacking in primitive fishes and reptiles whereas 
among the manuals only the otter and the primates, especially man, can 
effectively extend their range of vision [review: 24]. 
The lens is an entirely epithelial structure, which arises in the 
embryological stage from the surface ectoderm. In figure 1 a schematic 
drawing of a rat lens is given [33]. The lens is surrounded by an elastic 
semi-permeable membrane, the capsule (fig. la-I), which allows the passage 
of oxygen, nutrients and metabolites between the lens and the aqueous humor, 
The zonular fibers (fig. la-2) are attached to the capsule. A monolayer of 
cubic epithelial cells (fig. la-3) is located at the anterior part of the 
lens just beneath the capsule. Near the perifery of the epithelium, there 
is a zone of dividing cells which move to the equator and elongate to form 
fiber cells (fig. la-4). During and shortly after elongation, the cell 
organelles are lost from the fibers so that the cells in the interior of 
the lens are essentially featureless. The lens grows throughout life, in 
this way building up layer after layer of fiber cells around a central 
core. So the cells at the center of the lens (nucleus, fig. la-6) are as 
old as the animal itself. Synthetic activity decreases going from the 
outer regions (cortex; fig. la-5) to the nucleus where it is found to be 
virtually absent. The arrangement of the cortical fibers is depicted in 
fig. lb, where the hexagonal cell structure (fig. lb-1) and the inter-
digitations (diameter 500-1000 nm, fig. lb-2) at the corners of the hexagons, 
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creating a zipper-like appearance between the fibers, can be seen. Smaller 
contact strucures between cortical fibers and epithelial cells are 
represented by the "gap" junctions which can be observed after freeze 
fracturing and appear as packed arrays of 9 nm inner membrane particles. 
For more details on the lens structure, the reader is referred to recent 
reviews [4,7,20,24] and the morphological studies cited in the references 
[19,33.34]. 
FIG. 1. Schematic drawing of a rat lens (a) and an enlargement to sho« 
the arrangement of the cortical fiber cells (b). 
(a) 1: capsule, 2: zonular fibers, 3: epthelial cells, 4: equatorial fiber 
cells, 5: cortex, 6: nucleus; 
(b) I: hexagonal fiber cells, 2: fiber cell interdigitation. 
Reproduced from reference 33, with permission. 
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The lens proteins 
The lens is mainly composed of proteins; protein concentrations 
ranging from 20% (pigeon) to 505S (trout) are found [review: 24]. In manmalian 
lenses the protein amounts to 30-40%, corresponding to almost all the dry 
material [20] . Capsular proteins differ from those of the body of the lens. 
The major protein of the capsule is collagen comprising about 70-80% of 
the total, accompanied by sialofucoglycoproteins and acid mucopolysaccharides 
[review. 20]. 
In the nineteenth century, Morner [38] was able to divide the 
proteins from bovine lenses into four fractions designated as a- and 3-
crystallin, albumin and albuminoid. The first two fractions were obtained 
by isoelectric precipitation and the last one corresponded to insoluble 
proteins. Later, when it became clear that Mdrner's albumin fraction was 
different from the serum protein, it was named γ-crystallin [9]. 
Investigating the lenses from birds, it was found that these lenses lack 
y-crystallin but that they contain another unique lens protein firstly 
designated as F.I S.C. (first important soluble crystallin) [42], but 
nowadays called s-crystallin. δ-Crystallin is also found in reptile lenses 
[review 24]. 
Minor amounts of other proteins such as FM-crystallin (fast mobility 
on basic acrylamide gel electrophoresis) and several enzymes of which 
leucine aminopeptidase is the only one whose primary structure was elucidated 
are also found [reviews. 6,22]. 
The water-insoluble proteins (albuminoid according to Morner) 
became into the picture as a result of systematic investigations during 
the last decade. Beside the specific lenticular plasma membrane proteins 
and cytoskeletal proteins, the majority of this fraction is composed of 
insolubilized crystallins [reviews. 4,6,7,10]. 
On the strueture of α-, β- and y-crystallm 
a-Crystallin is the largest and most acidic one of the main lens 
proteins. It is a spherical assembly of about 40 subumts [1,6,7,20,24,47]. 
The primary gene products, the A 2- and B^chains have molecular weights of 
19 830 (173 residues) and 20 070 (175 residues), respectively, and show 57% 
sequence homology [40,41] Other A- and B-type chains arise from post­
synthetic deamidation (k] , B ], B n) and C-terminal degradation (A l s i , A 1 6 8, 
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A^S1, A j 5 1 , A 1 0 1, B^70, BJ70) of the ^- and B2-chains in vivo [16,31,55]. 
Figure 2 shows an electron micrograph of calf cortical a-crystallin. 
It can be seen that the aggregates, having dimensions near 15 nm, are not 
uniformly shaped. Fractionating a-crystallin by gel permeation chromatography 
and characerizing the fractions by sedimentation velocity analysis, electron 
microscopy and isoelectric focusing in urea, revealed that more than 1Ü00 
different combinations of subunits are conveivable [46]; this is illustrated 
in table I. 
Surface probing by sulfhydryl group modification [45], chemical 
cross-linking using bisimidoesters [50] and limited proteolysis [44,48] 
have revealed detailed data which could be incorporated into a theoretical 
model. Another approach to obtain insight into the a-crystallin quaternary 
structure was done by studying the effects of variation in alkaline pH, 
ionic strength, temperature and calcium ion concentration [51]. This resulted 
in a hypothetical scheme shown in figure 3 which was based on the observed 
transitions, the model for the a-crystallin structure presented in section 
2.1 of this thesis, and the interrelationship between monomeric, oligomeric 
and polymerica-crystallin [49]. The most remarkable finding in this study 
was the irreversibility of the primary dissociation step upon exposure of 
FIG. 2. Electron micrograph of negatively stained (1% uranyl acetate) 
calf cortical a-crystallin. The mean particle diameter amounted to 15 nm. 
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TABLE I 
Miaroheterogeneity of calf aortiaal a-arystallin fraoionated by GPC (size) 
and ion-exahange chromatography (charge) 
Size: 
mean: 
limits: 
o20,w 
18.8 S 
17.5-23.2 S 
molecular weight 
840 000 
(0.71-1.08) 106 
subunit s 
U2 
54-36 
18 differently sized aggregates possible 
Charge: No relationship with size heterogeneity. 
The number of subunits related to the mean size (42) 
.151 
mean: 
limits: 
A 2 A^
3
' A, B 2 Bj Σ Α Σ В Aj+Bj 
20 2 10 8 2 32 10 12 
17-26 2-3 13-2 6-11 1-3 30-33 9-12 3-16 
based on the variations in the 1.A/ ΣΒ ratio and the amount 
of deamidated chains (A1+B^) only, 4 % 14 different combinations 
Conclusion: 18* 4* 14 = 1008 different a-crystallin molecules . 
polymerization completion transconformation 
primary 
dissociation 
dissociation/ 
reassociation 
dissociation/ 
reassocfation 
aggregation Î 
native" 
polymeric α monomeric oc monomeric α 
(nucleus) (nucleus) (cortex) 
-urea 
reassociated α J 
Λί„ >100-1СГІ -Ю-10 5 ^8.5-tC? ^8.5-ΙΟ 5 - Μ - 5 . 5 ) · 1 0 5 Η 2 5-3) ·10 3 ]* - ( 0 . 2 - 0 . 6 } · » 5 
[-8-9 S]* 
-1.5-3Χ) S 
Fig 3 Hxpoihi'iHul ulienw nf fraastthns of bowbif awTJ чШІІт basta ОП a ihrce-kner nunk'l of the quaiemur\ sirmiure ¡10] (see te\t for 
derails) The model consists of a central core (black) of about 12 subunils surrounded by an inner (doited) concenlnc layer of about 14 sub-
units and an outer (white) concentric layer of maximally 24 subunits Known or assumed transitions are shown as solid arrows and 
uncertain transitions as dashed arrows The number of gaps, segments or subumts depicted at any stage is arbitrary. 
T M - i temperature-modified i-crystalhn. A M - x alkali-modified з-cryslallin 
Reproduced from reference 51, with permission. 
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α-crystallin to pH θ 0 or 370C. Since α-crystal lin occurs m г о near 37 С, 
it was intriguing to find that 370C-modified a-crystallin could not be 
converted intonatrue a-crystallin. It may be questioned what the m vivo 
structure of α-crystal 1 in actually is the native 20 C-structure, the 
370C-niodifled structure, or perhaps none of them. 
The ß-crystallin class comprises the most heterogeneous population 
of crystallins [reviews. 6,7,20,24] Mostly two size fractions designated 
Su/ UN- and β
τ
, .-crystallin [28] are found which have an oligomeric and 
a dimeric subumt structure, respectively The many different subumts, 
with molecular weights ranging from 22 000 to 32 000, are not all primary 
gene products [21] Although the two size classes have most subumts in 
common, the ßß - and ßß -subumts (м . 32 000 and 31 000, respectively) 
seem to be specific for the oligomeric β -crystallin aggregates [21], it 
Η 
was even suggested that the βΒ -chain is required to achieve β -crystallin 
13 Η 
assembly [56]. The primary structure of the principal ß-crystallin poly-
peptide, the βΒ -chain, has been completed recently [17]. Although no 
homology with the a-crystallin subumts was found, a 25% homology with the 
γ-crystallin fraction II could be demonstrated. Furthermore, it was found 
that both βΒ - and γ -crystallin polypeptides are internally duplicated. 
p л. 
Another polypeptide to be considered as a ß-crystallin is β -crystallin, 
firstly characterized by van Dam [15] as a monomeric 28 000 dalton protein. 
The reason why it was classified as a ß-crystallin was the blocked 
N-terminus which is specific for β- and a-crystallin but not for γ-crys-
tallin, moreover, its amino acid composition was found to resemble that of 
the oligomeric ß-crystallins best. 
To date γ-crystallin is the only lens protein of which the three-
dimensional structure could be determined by X-ray diffraction [8,12] It 
is a two-domain monomeric 20 000 dalton protein and has the highest folding 
symmetry ever found for a ß-pleated-sheet protein [8]. The several γ-crys-
tallins which can be charge-separated [5,9,14] have similar amino acid 
compositions and it is not clear which of them are primary gene products 
and which are formed by post-synthetic alterations. The first reports on 
the presence of a 24 000 dalton protein, initially found in cattle lens 
cortices [25,27] and later on also in human lenses [26] and designated 
γ-cattle or γ-crystallin, respectively, has created a confusing situation 
tí 
since its amino acid composition is nearly identical with that of β -crys­
tallin, this problem will be dealt with in chapters 3 and 5 of this thesis. 
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Адгпд of the lena proteina 
As a result of the unique development and protein metabolism of the 
lens, this tissue probably contains the body's longest lived proteins. 
Therefore, the lens proteins offer unusual advantages for studying a wide 
variety of age-related structural modifications of proteins [reviews 23,58]. 
The first age-related change to be recognized was the progressive 
conversion of the protein from the soluble to the insoluble form. Morner 
[38] already described distinct differences between cortex and nucleus as 
to their contents of water-soluble and water-insoluble constituents The 
interrelationship between soluble and insoluble protein was clearly shown 
by Fulhorst and Young [18) Species differences have been found concerning 
the crystallin class which becomes preferentially insolublized, in bovine 
lenses mainly a-crystallin is involved [57] while there appears to be a 
preference for y-crystallin in rodent lenses [35] It is suggested that 
insolubilization is the fate of lens protein molecules which have already 
been altered by other mechanisms 
Intermediates in the insolubilization process may be represented 
by the High Molecular Weight aggregates also named HM- (or HMW-) crystallin. 
Spector et al. [52] were the first who characterized the bovine high 
molecular weight fraction which they considered to be a higher aggregation 
state of a-crystallin In this respect bovine lenses are exceptional since 
their HM-crystallin fraction contains nearly exclusively a-crystallin, 
from electron microscopy it became clear that it consists of polymerized 
a-crystallin entities [49]. For rat, mouse, rabbit and human lenses β- and 
γ-crystallin components were also found to be present in HM-crystallm 
[review 23] It is uncertain whether this fraction consists of large 
heterogeneous aggregates or whether in addition to polymerized a-crystallin 
also huge β- and/or γ-crystallin aggregates occur [36] The distinction 
between the insoluble fraction and HM-crystallin is rather arbitrary since 
it is highly dependent on the isolation procedure 
The increase in ß-crystallin proportional to β
τ
-crystallin, going 
from cortex to nucleus in the same lens [28] or considering a series of 
lenses with increasing age [9], has also been attributed to age-related 
aggregation 
Several post-synthetic modifications of the polypeptide chains 
have been found for the lens proteins Deamidation of probably two 
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asparagine and/or glutamine residues in the a-crystallin Α.- and ¡^-chains 
results in the more acidic A - and В -chains [16,55]; further deamidation 
of the В -chain yields the В -polypeptide [31]. These alterations did not 
appear to be age-related in the sense that a continuous increase of 
deamidated chains is generated upon aging. It seems that the in vivo 
deamidation of a-crystallin subunits stops after nearly half of the 
polypeptides are modified [32]. Some ß-crystallin subunits are also supposed 
to be derived from the primary gene products by deamidation (cf. ßB - from 
fïB -subunits) [21]. Moreover, for several enzymes in the lens the 
decreasing activity and the concomitant increasing anodic mobility upon 
aging was ascribed to deamidation [2]. 
The degradations of a-crystallin subunits which are quite specific 
and occur only from the C-terminal end of the polypeptide chains, are 
apparently related to aging in that the concentration of cleaved chains 
increases with age. The observation that the sites of cleavages occur in 
a variety of residues, and the very slow rate of reaction were arguments 
which led van Kleef et al. [31,32] to conclude that the process is 
probably non-enzymatic. It is remarkable that all degraded chains, 
characterized untili now, are more negatively charged than their parent 
ones. The involvement of degraded chains in the super-aggregation process, 
leading to HM-crystallin, was demonstrated on comparing the subunit 
compositions of HM-crystallin (polymeric a ) , an intermediate fraction, 
(oligomeric a) and a-crystallin (monomeric a) isolated from the same part 
(nucleus) of a pool of calf lenses [49]. However, it should be emphasized 
that degradation is not the only factor responsible for super-aggregation 
since minor HM-crystallin fractions isolated from cortical layers contain 
rather few degraded chains, much less than nuclear (monomeric) a-crys-
tallin [30]. 
Other age-related processes documented for the eye lens proteins 
are: racemization of aspartic acid residues, non-enzymatic glycosylation, 
disulfide and non-disulfide covalent cross-linking of crystallin subunits, 
the development of pigmentation, the formation of non-tryptophan 
fluorescence and other photo-oxidative processes involving radical 
reactions as intermediates and probably lipid peroxidation [13; reviews 23, 
58]. 
The involvement of cross-linked polypeptide chains in the 
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insolubilization process seems obvious. For the other alterations, 
dearaidation, degradation and racemization, it may be inferred that they 
alter protein conformations resulting in more unfolded structures which 
facilitate their incorporation into the insoluble moiety [20]. 
Biopolymer size characteñzaticm by light scattering 
Since the introduction of lasers as light sources, light scattering 
has become a valuable technique to characterize biological macromolecules. 
The purpose of this paragraph is to give a brief summary of the classical 
light scattering theory and its progress by the use of lasers [reviews: 37,54]. 
The basis of light scattering theory was developed by Lord Rayleigh. 
Investigating the scattering properties of dilute gases, he found that the 
ratio of the scattered light intensity (i ) and the incident beam (I ) is 
proportional to the inverse of the fourth power of the wavelength (λ) and 
the square of the polarizability of the gas molecules. This relationship 
accounts for a number of well known phenomena, e.g. the fact that sunlight 
scattered by the earth's atmosphere is greatly enriched in the blue 
wavelength. Since the polarizability can Ъе related with the molecular weight 
(M ) and the refractive index increment (dn/dc), the above mentioned 
relationship, considering the intensity of scattering from unit volume, 
can be presented as: 
r гт^——
 (1) 
I
o Ν-λ-τ
2 
for ideal gases and vertically polarized light where 
с • concentration, 
г = distance between the scattering volume and observer, 
θ » the angle between the incident and scattered light, 
N = Avogadro's number. 
For unpolarized light this ratio was found to be: 
2w2.(l+cos2e)-(ííf)2-Mr.c 
(2) 
ο Ν-λ-τ
2 
Scattering from macromolecular solutions corresponds strongly with 
the situation of ideal gases, except that the scattering molecules are now 
immersed in a medium of refractive index η . The derivation for ideal 
gases cannot account for the non-ideal behavior of macromolecular solutions; 
this problem was solved using an adaption of the fluctuation method as 
developed by Einstein and Debye: 
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i. 2π 2.η 2· (і
+
со 8
2
 ) - (^)2-c 
τ-· г^  —
 (3) 
\> Ν-λ" · г 2 · (è + 2-В-С + 3-С-С2 + ··) 
г 
Experimentally, equation (3) is used in a somewhat different form. The 
final value determined is the Rayleigh ratio (Rg) which is independent of 
the scattering angle: 
R = \* T— (4). and R = ^ ^ (5) 
0
 о l+cos2e U ¿· + 2-B-c + 3-C-c2 + 
r 
в and с represent the second and third vi rial coefficients, 
К being an optical constant: 2π2·η2·(-7—)2 
Ν · λ* 
To determine the molecular parameters, equation (5) is rewritten as: 
^ -.
 M U 2.B.C + 3.C.C
2
 • (7) 
and the molecular weight can be obtained by extrapolation to zero 
concentration. If we are dealing with a mul ti-component system, the obtained 
molecular weight represents the weight average value of the constituent 
components: _ ΣΝ.·(Μ.)2 
M
w
 =
 ΣΝ^Μ.
1
 W 
1 1 
where N. = the number of moles having molecular weight M. . 
Internal interference of the scattered light within one particle 
becomes manifest when the particle's dimensions are of the same order as 
the wavelength of the incident light ( ¿ λ ) . In that case, an internal 
interference function is considered in the right part of equation (7): 
P(Q\ - observed scattered intensity .q, 
scattered intensity without interference * ' 
Since the internal interference function is difficult to quantitate, 
molecular weights of molecules with dimensions larger than 8 nm can only 
be evaluated in the limiting case of scattering angle zero where: 
Lim Ρ(θ) = ι - Щ £ R 2 sin2(|) (10) 
Θ-Μ5 6 
R represents the z-average of the radius of gyration and is a measure of 
the spatial extention of the particle (for small molecules R may be 
determined by X-ray scattering). As a result, to properly determine the 
molecular weight of large molecules, it is necessary to extrapolate the 
light scattering data to both concentration zero and angle zero. It should 
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be mentioned that this treatise, introduced by Zinn, is limited to 
particles smaller than λ/2; for very large particles the complete 
treatment then required and developed by Mie is exceedingly complicated. 
Although the light scattering method was developed many decades 
ago, its applications were mainly restricted to synthetical polymers. 
Drawbacks for its use with biological macromolecules were the amount of 
material necessary, the requirement of absolutely dust-free samples and 
the troublesome extrapolations of the Zimm plots for larger particles. 
These limitations have been overcome using laser light sources. 
- Because of the high light intensity and the possibility to measure at 
low angles, molecular weights can be determined with reasonable amounts 
of material; for samples with less than 1 mg/ml the extrapolation to 
zero concentration may be neglected. 
- At the low angles, at which can be measured, the internal interference of 
large particles may be neglected, thus reducing the necessity of 
extrapolation to zero angle. 
- Owing to geometric factors, the scattered volume is exceedingly small 
(0.1 μΐ). This is of importance because dust particles now only interfere 
as "spikes" and the photometer equipped with a flow-through cell may be 
used as a molecular weight-dependent detector. 
The low-angle laser light scattering (LALLS) instrument (Chrontatix: 
KMX-6) as part of the molecular weight-dependent detection system used in 
the investigations described in this thesis, was combined with a high-
pressure gel permeation system, a differential refractive index (DRI) 
detector and a data system [29,39]. Although the light scattering instrument 
is geometrically calibrated, it was found advantageous to perform relative 
calibrations using well-characterized proteins or synthetical polymers [53]. 
The accuracy of molecular weight values determined in this way can be 
within 1Ϊ, provided the second vinal coefficient (в) and the refractive 
index increment (dn/dc) have been determined previously. 
Without precise knowledge of (dn/dc) and neglecting the dependence 
of the second vinal coefficient on the scattering intensity at low protein 
concentration, accuracies between 2 and S% may routinely be obtained This 
approximation proved to be very useful and is followed in all investigations 
described hereafter. In the case the LALLS-signal is diminished by its 
baseline value, equations (6) and (7) yield. 
LALLS-output = M
r
.c-(^)2-constant (11) 
and the net differential refractive index (DRI) detecor signal equals: 
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If the refractive index increments for the LALLS at 632.3 nm and the ÜRI-
detector (tungsten lamp) are proportional and assuming identical 
concentrations in both detector cells, equations (11) and (12) can be 
combined to: 
„ LALLS-Output calibration constant
 / 1 э> M
r
 =
 ÖRI-outpüt Ж. < 1 3) 
Mc' 
The use of lasers in light scattering studies has also opened a new field 
of applications. Because of the monochromatic nature of the laser it became 
possible to obtain dynamical and structural information from random 
flutuations in the intensity of the scattered light. Dynamic (or 
quasi-elastic) light scattering, investigating the spectral broadening 
due to Brownian movement (cf. Doppler shifts), may be used to determine 
diffusion coefficients [reviews: 3,43]. 
Aims of the present investigation 
Eye lens research has developed into a mult-disciplinary approach 
wereophthalmological, embryological, cell biological, (bio)physical and 
(bio)chemical aspects are of major importance. This investigation was 
undertaken to obtain more insight into the quaternary structure of the 
crystallins. This approach was done to increase our fundamental knowledge 
of the protein architectures in order to find mechanisms accounting for 
the observed post-translational modifications (deamidation, degradation) 
and the super-aggregation process leading to high molecular weight (HM) 
aggregates. 
Studies on a- and ß-crystallin revealed new information concerning 
their structures (chapters 2 and 3). During the period in which the present 
investigations were performed, a new technique became available: high-
pressure gel permeation chromatography (HPGPC) in combination with low-
angle laser light scattering (LALLS) detection. The major advances are the 
considerable decrease in the amount of material and time required to 
characterize the lens proteins. Investigations that shed new light on the 
structure of the high molecular weight aggregates showed that bovine HM-
crystallin is not as exceptional as previously was thought with respect to 
the presence of non-α-crystallin components and their involvement in the 
super-aggregation process (chapter 4). The advances of the HPGPC-LALLS 
method were further exploited to asses the variations in the distribution 
of crystallins and their molecular weight in the aging rat lens and to 
extend these data to other species (chapter 5). 
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A Model for the Architecture of a-Crystallin 
Jacques G. Bindels, Roland J. Siezen and Herman J. Hoenders 
Department of Biochemistry, University of Nijmegen, Nijmegen 
Key Words. Calf lens a-crystallm • Quaternary structure · Chemical cross-linking · 
Limited proteolysis - Sulfhydryl group modification - Urea dissociation - High molecular 
weight crystallin aggregates · Postsynthetic modifications 
Abstract. Knowledge of the quaternary structure of α-crystallin is required to under· 
stand the age-dependent superaggregation processes, eventually leading to lens opacifica­
tion. DifTerenl approaches, e.g. sulfhydryl modification, chemical cross-linking, limited 
proteolysis and dissociation studies revealed new information, providing a basis for fur­
ther studies of aging and higher-order structures. 
A model for the architecture of native α-crystallin from calf lens cortex, featuring 
subunit arrangement and surface exposure, will be presented. 
Introduction 
The multisubunit structural lens protein a-crystallin is possibly involved 
in the development of senile nuclear cataract [21]. Intermediates in this 
process, in which protein aggregates become insoluble (albuminoid) or at 
least large enough to cause opacification [2-4,9,22], are probably represented 
by the high molecular weight crystallin aggregates with molecular weights of 
several millions up to more than 50 x 10" [6,8,9,20,21]. These high molecular 
weight superaggregates are mainly, in bovine lenses nearly exclusively, com­
posed of α-crystallin aggregates [6, 8, 9, 17, 20, 21]. 
a-Crystallin is a microheterogeneous mixture of spherical shaped mole­
cules with molecular weights ranging from 7 χ 105 to 10 χ 10s [13,14,20]. The 
two main types of subunits in bovine a-crystallin, the AJ-173 and BJ-176 poly­
peptides with molecular weights of 19,830 and 20,070, respectively [10, 11], 
are present in a ratio of approximately 3:1 [13]. Postsynthetical modifications 
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of these polypeptides lead to deamidated subunits, e.g. A}-173 and Bj-175, 
C-termmal shortened ones such as AJ-151, A1-101 and B'-170, and also both 
degraded and deamidated chains are formed; AJ-1SI and B}~170 [7, 23]. The 
involvement of degraded subunits in the superaggregation process has been 
postulated although this cannot be the only factor causing aggregation [8,17]. 
Various aspects of the quaternary structure of a-crystallin have been 
investigated [12-18] and we now would like to present a model for the 
architecture of calf cortex a-crystallin. The molecules might be composed of 
globular subunits: a core of A chains (14 ± 2) is surrounded by an outer 
layer of A and В chains Most of the В chains and 7± 1 A chains in this 
outer layer are in positions with maximal solvent exposure while the remain­
ing subunits are situated in more shielded positions. 
Materials and Methods 
Cortical calf lens a-crystallin was obtained by fraclionation of lens extracts on Biogel 
A-5M (Bio-Rad) 115] or on Ullrogel AcA 22 (LBK) 113] Methods for chemical cross-
linking with bisimidocslers have already been described [16]. Limited proteolysis and sulf-
hydryl modihcation experiments with α-crystallin have recently been published in more 
detail [12, 15, 18] 
For dissociation, a-cryslallm was dissolved in urea containing buffers with 0 02 M 
Tns-HCI, 0 08 M NaCl, 0 04% DTE (w/v) and pH 7.3, urea-conlaming solutions were 
prepared immediately before use Sephacryl S-200 (Pharmacia) chromatography in 3.8 M 
urea was performed on a column with dimensions 120x I 6 cm at a flow rale of 8 ml/h, 
1 ml containing 50 mg protein was applied 
Sedimentation analysis was performed in a Beekman Spinco E analytical ultra-
centrifuge at 68,000 rpm near 20 "С using U V optics for samples with protein concentrations 
up to I mg/mi and S.hlieren optics for higher concentrations All sedimentation coefficients 
wer.: corrected for density and viscosity of the solute relative to water at 20°C (sjo, w) by 
using the data of Kanahara and Tanford [5] concerning viscosity and density of urea 
solutions 
Isoelectric focusing in the presence of 6 M urea was performed as described [6] using 
5% gels The gels were scanned al 580 nm in a Beekman model 25 spectrophotometer 
equipped with a gel scanning device 
Results and discussion 
Chemical Cross-Linking with Bifunctional Reagents 
Intramolecular cross-linking of polypeptide chains in oligomeric pro­
teins has already revealed a great deal of information concerning the quater­
nary structure of many enzymes and complex aggregates such as nbosomes 
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Fig.l. SDS gel electrophoresis of cross-linked a-crystallin. Top· gel pattern; middle: 
densitometric scanning; bottom: semiloganthmic plot of relative mobilities versus molecu­
lar weight. 
and nucleosomes. Figure 1 shows a typical result of cross-linking a-crystallin, 
analyzed by SDS gel electrophoresis. Dimethylsuberimidate, used here, reacts 
with free amino groups of the lysine residues and the cross-linked products 
are all multiples of 20,000 molecular weight. Densitometric scanning of this 
gel reveals clearly a gradual decrease in intensity going from monomers to 
higher oligomers. This means that a-crystallin aggregates are not likely to 
be built up of smaller clusters such as trimers, tetramers or for instance 
hexamers, because one would then find one oligomer to be predominant. 
Other cross-linking reagents with different chain lengths between the two 
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В ¥••5 
α b с d e f g 
Fig. 2. SDS gel electrophoresis of α-crystallin after short digestion with various 
proteases, a = Untreated; b = subtilisin; с = pronase; d = elastase; e = α-chymotrypsin; 
f = thermolysin; g = trypsin. 
functional groups gave nearly identical results and thus substantiated the 
aforementioned finding. Not all subunits can be linked to each other, even 
after very extensive cross-linking. A possible explanation for this findings is 
that some subunits are buried in the interior of the aggregates, suggesting a 
globular packing of subunits in a-crystallin. 
Surface Probing by Limited Proteolysis 
When proteolytical enzymes are permitted to react shortly with sub­
strates under nondenaturing conditions, only the most accessible and sus­
ceptible bonds will be knicked. In figure 2 SDS gels of α-crystallin after short 
digestion with various proteases are shown. It was checked that the qua­
ternary structure did not alter by the short proteolysis by means of sedi­
mentation velocity analysis of the aggregates. With the exception of trypsin 
it can be seen that nearly all В chains have been knicked by the short 
proteolysis and therefore must be located on the surface of the aggregates. 
Why trypsin is unable to knick more than half of all В chains remains to be 
solved. 
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Fig.3. Primary m vitro cleavage sites in α-crystallin chains (only N- and C-termmi 
shown) by various proteases S = subtilisin, Ρ = pronase, E = elastase, С = α-chymo-
trypsm, TL = thermolysin, Τ = trypsin, PA = papain, SP = 5 aureus protease, CB = 
carboxypeptidase В Thick arrows indicate the most susceptible bonds 
Figure 3 shows some of the bonds in both A and В chains which have 
been knicked by the various proteases. One very susceptible bond is that 
between 170Thr and "'Ala in the В chains while the A chains are also pre­
dominantly knicked at the C-terminal part suggesting that the C-ter mi nal 
parts are preferentially surface exposed in α-crystallin subunits 
Sulfhydryl Group Modifications 
Because A chains have one cysteine residue and В chains have none, 
SH modification could lead to easily interpretable results concerning possible 
nonequivalency of the positions in which A chains are present in a-crystallin 
aggregates Table I summarizes our findings [15] We used four reagents. 
DTNB [5,5'-dithiobis-(2-nitrobenzoic acid)] (Ellman's reagent), introducing 
a negative charge, reacted with biphasic kinetics. 4-7 groups were modified 
rapidly while 10-11 additional groups could also be modified albeit much 
slower The remaining 13-15 cysteine residues could only be modified under 
denaturing conditions Ethyleneimine which introduces a positive charge was 
able to modify only the 7-8 surface-exposed SH groups leaving 22-23 groups 
unmodified Out of the reagents which do not introduce any charge, lodo-
acetamide revealed the same result as ethyleneimine while the more hydro­
phobic 4,4'-dithiopyridine was able to modify 18-19 residues, thus leaving 
only 11-12 buried A chains unmodified. Essentially the same quantitaties 
were found by Specior and Zorn [19] with p-hydroxymercunbenzoate. 
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ТаЫе I. Classification of sulfhydryl groups m α-crystallin 
Reagent 
DTNB 
4,4'-Dilhiopyndine 
p-Hydroxymercunbenzoate ' 
lodoacetamide 
Ethyleneimme 
1
 Adapted from Spector 
Introduced 
charge 
negative 
none 
negative 
none 
positive 
and Zorn [19] 
Class 
I 
surface 
exposed 
4-7 
< 18-19 
< 16 
7 
7-8 
II 
hydrophobic 
pocket 
10-11 
< 23 
< 22-23 
III 
buried 
13-15 
11-12 
14 
Out of the approximately 30 A chains in bovine cortical a-crystallin, 
13 ± 2 SH groups are buried and probably located in the inner part of the 
aggregates; these thiol groups are inaccessible to any of these reagents under 
nondenaturing conditions. 7 ± 1 Cysteine residues must be very surface ex­
posed because they reacted with all reagents. Additional!}, 10 ± 1 A chains 
can be modified but only by introducing a negative charge or with fairly 
hydrophobic reagents making a not completely surface-exposed location for 
these subunits likely. 
Dissociation with Urea 
To get more insight in the architecture of α-crystallin aggregates we 
studied the dissociation pathway with urea as dissociating and denaturing 
agent. By increasing the urea concentration a decrease in sedimentation 
coefficient can be observed (fig. 4). Between 2.8 and 4 7 M urea dissociation 
is partial under the experimental conditions; monomeric subunits can be 
found together with faster sedimenting aggregates. We studied partial dis­
sociation in 3.8 Si urea in more detail (fig. 5); dissociation here proceeds by 
lowering the protein concentration. This is illustrated by the decreasing 
s-value of the fast migrating aggregates while in the lower tracing also 
relatively more slow sedimenting monomeric subunits can be detected than 
in the upper tracings. 
In order to isolate the subunits which dissociate first from the a-crys-
tallin aggregates we used Sephacryl S-200 chromatography in 3.8 M urea, 
starting with a protein concentration of 50 mg/ml. The elution pattern (fig. 6) 
shows four peaks. Sedimentation analysis of these fractions revealed that at 
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Fig.4. Dissociation of a-crystallin by increasing urea concentration. Where two 
sedimenting components were present, the relative amounts were estimated from the 
Schlieren patterns; protein concentration 8 mg/ml 
Protein 
concentration, 
mg/ml 
20 
s20,w 
fast peak 
81 S 
61 S 
Fig. 5. Schlieren sedimentation patterns of rc-crystallin in 3.8 M urea at different 
protein concentrations; sedimentation is from left lo right. 
the end of the chromatography all polypeptide chains are monomeric; so 
during elution complete dissociation must have taken place. Assuming that 
the subunits get loosened separately, we can look at the elution pattern as a 
recording of the several dissociation steps. The subunits in the last fractions 
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Dissociation of LMW a crystallm from calf codex 
Агео 
80 85 
Froc bon 
Fig.6. Sephacryl S-200 chromatography of a<ryslallin in 3.8 M urea. Top: elution 
pattern; bottom % A chains calculated from the scanning of isoelectric focusing gels m 
6 M urea from pooled fractions in the elution pattern (dotted line gives the average per­
centage for bovine a-crystallm) 
would be loosened first while the polypeptides in the first eluting peaks must 
have been relatively long constituents of the dissociating aggregates. Analysis 
of the polypeptide chain compositions of the peaks by means of isoelectric 
focusing in 6 M urea gives information about the dissociation pathway 
(fig. 6b, 7). The first two peaks consist of nearly only A chains and the last 
peak has exclusively A chains; most of the В chains are eluted in the major 
(third) peak. Quantification of this experiment reveals the results given in 
table II, using the average value of 43 subunits for the a-crystallin aggregates 
[14]. If our assumption that the subunits get loosened separately and as 
monomers is valid, the four groups of polypeptide chains can be attributed 
to four different locations in the a-crystallin aggregates. To check this as­
sumption we tried to follow the events that take place on the gel filtration 
column by varying the column length from 20 to 120 cm. It became clear 
that most В chains are loosened earlier or at the same time as the A chains 
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Fîg. 7. Isoelectric focusing (pH range 5-8, top to bottom) in 6 M urea of Sephacryl 
S-200 chromatography peaks; from left to right: starting material, fractions 47-59 (I), 
fractions 60-65 (II), fractions 66-73 (III), fractions 74-85 (IV). 
Table II. Dissociation of a-crystallin in 3.8 M urea on S-200 chromatography 
Fractions A chains В chains 
47-59 (I) 4 ± I I ± 1 
60-65(11) 11 ± 2 2 ± 1 
66-73 (III) 10 ± 2 8 ± 1 
74-85(IV) 7 ± 1 0 
eluting in the last peak but they must temporarily be attached to some 
aggregates and thus speed up on the column; so the В chains in peak 3 are 
essentially located on the very surface of a-crystallin aggregates together with 
the 7 A chains eluting in peak 4. Probably the remaining В chains have also 
been speeded up by temporary attachment to high mobility aggregates after 
loosening from a-crystallin and are really in the same location as the 10 A 
chains eluting in peak 3. The A chains in peak one and two can be attributed 
to a core of A chains. 
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Fig.8. Model for the architecture of bovine α-crystallin successively composed of 
(a) a core of 13 A chains; (b) 14 not fully solvent-exposed subunits (10 A chains and 4 В 
chains); (c) an outer layer of 8 A and 8 В chains which are maximally so/vent-exposed (this 
model holds 43 subunits, the average number for calf cortical α-crystallin); (d) additional 
subunits in the outer layer to occupy the open places in с (this model holds 51 subunits). 
Conclusions 
Combining the quantitative results of the 3.8 M urea dissociation and 
A chain sulfhydryl group modification experiments we would like to propose 
the following model: 14 ± 2 A chains in a core; 10 ± 2 A chains and 3 ± 1 В 
chains not completely surface exposed ; 7 ± 1 A chains and 8 ± I В chains 
located at the surface. This model matches with the limited proteolysis 
experiments which suggest that most В chains are surface exposed and are 
likely to be in equivalent positions [18]. 
Studies on the biosynthesis of α-crystallin in the cell-free system or in 
Xenopus oocytes [I], also reveal good arguments for this model; it was found 
that a core of A chains seemed to be required before В chains could copoly-
merize. 
The deamidated chains Aj and B1 are probably located all over the 
aggregates with no preferential positions for instance for the outer layer as 
once was suggested (discussed briefly in Harding and Dilley [3]). Deamidation 
seems to us a kind of zero order decay process of some labile chemical bonds 
in α-crystallin independent of environmental factors. Whether the same holds 
true for degradation is presently under investigation ; one might say that in 
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the A chains of peak 4, the most surface-exposed subunits, relatively more 
degraded chains can be found than in the other peaks (fig. 7). However, 
dissociation of nuclear a-crystallin in 3.8 M urea on S-200 gel chromato­
graphy gives no clear-cut preferable location of the degraded chains. 
One of the possible models, using spheres as subunits, was constructed 
to illustrate the data given above. The core could consist of 13 A chains 
arranged in the way shown in figure 8a. The next 14 chains, 10 A chains and 
4 В chains may form a layer in between (fig. 8b) while the remaining chains 
are located in the outer layer, viz. 8 A chains and 8 В chains (fig. 8c). This 
model holds 43 subunits with places still unoccupied in the outer layer; with 
all open places occupied (fig.Sd) the model contains 51 subunits. Such a 
partially filled outer layer would be quite attractive to interpret the micro-
heterogeneity [13] and could also account for the molecular weight of 
1.0-1.1 x 10е found for nuclear a-crystallin [Bindels and Hoenders, unpub­
lished]. These aggregates would have a totally filled outer layer and further 
tendency for aggregation could only be expressed by forming oligomeric high 
molecular weight aggregates [17]. 
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Stepwise Dissociation/Denaturation and 
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Quaternary tertiary and secondary structure changes uf calf a-crystallin were studied aa a 
function of urea and guanidine hydrochloride concentration at pH 7*3 and 20eC 
Sedimentation velocity analysis shows that native a-crystalhn (19 s. 850000 J/r) dissociates in 
a step-wise fashion to single subunits (1-4 s, 20000 j>/r) Complete dissociation is reached above 
5 M-urea or 2 5 M-guanidine hydrochloride. The moat stable dissociation intermediate (12 3) is 
observed around 2-3 ч-urea or 1-1-5 M-guanidine hydrochloride Fluorescence and near-ultra 
violet circular dichroism analyses indicate that the exposure of aromatic residues is correlated 
with step-wise dissociation Far-ultraviolet circular dichroism analysis shows that unfolding of 
subunita occurs over a very wide range of dénaturant concentrations Unfolding begins ю subunita 
are released from the 12 s dissociation intermediate and may not be complete even in θ M-urea 
or 6 M-guanidine hydrochloride 
Dissociation of nativea-crystallin to 12 s intermediate is irreversible, but subsequent dissociation 
steps are reversible Dissociated and denatured subunits can be reassembled in a 12 я ' reassociated 
a-crystalhn ' molecule which is identical to the 12 s disaociation intermediate in nearly every aspect 
of secondary, tertiary and quaternary structure 
The results are discussed in relation to our earlier proposed three-layer subunit model of calf 
a-crystalhn and are found to support this model 
Key words calf lens, a-cryatallin, urea/guanidine hydrochloride, dissociation/denaturation, 
reassociation/renaturation. sedimentation, fluorescence, circular dichroism 
1. Introduction 
One of the major bovine structural lens proteins, a-crystallin, is a 850000 MT spherical 
assembly of 20000 Μ
τ
 A- and B-type subunits, which occur in an approximate ratio 
of3 1 (Siezen, Bindelsand Hoenders, 1978 ¡Siezen and Berger, 1978) Our investigations 
of the subunit arrangement by various modification methods (Siezen, Coenders and 
Hoenders, 1978; Siezen and Hoenders, 1979, Siezen, Bindels and Hoenders, 1980a) 
have led us to propose a model for the quaternary structure of a-crystallin consisting 
of three concentric layers of subunits (Bindels, Siezen and Hoenders, 1979) Support 
for this model was gained from partial dissociation studies by variations in alkaline 
pH, ionic strength and temperature (Siezen, Bindels and Hoenders, 1980b) After 
complete dissociation in 6-8 м-urea the subunits can only be reassembled to smaller 
© 1982 Academic Prese Ine (London) Limited 
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ephencal aggregates, reaseociated a-cryetallin, of about half the original molecular 
weight (Siezen et al , 1Θ78, Siezen and Berger, 1978, Li and Spector, 1973) 
The identification, isolation and characterization of various stages of disassembly 
and reassembly should ultimately lead to a complete elucidation of the quaternary 
structures of both native and reaseociated a-crystallin Both equilibrium and kinetic 
analyses of the interconversions of different stages of assembly are required to identify 
the structural alterations responsible for incorrect or incomplete reassociation 
(Jaemcke, 1978) 
This paper deals mainly with an equilibrium study of the step-wise dissociation and 
denaturation of native calf a crystallin by increasing concentrations of urea or 
guanidme hydrochloride (GuHCI). but some renaturation and reassociation d a t a are 
also presented The choice of techniques enables us to distinguish between changes 
in quaternary structure (velocity sedimentation), tertiary structure [fluorescence, 
near-ultraviolet circular dichroism (CD)] and secondary structure (far-ultraviolet CD), 
but does not distinguish between A- and B-type subunits All experiments were 
conducted a t constant pH 7 3, ionic strength 017 and 20*43, except where ionic 
strength unavoidably increases with GuHCI concentration Previous electrophoretic 
and sedimentation studies on bovine a-crystallin dissociation as a function of urea 
concentration (Björk, 1964, Wisse, Zweers, Jongkind, Bont and Bloemendal, 1Θ66) 
were performed at higher pH (8 9) and lower ionic strength (0-01-04)5 M) conditions, 
which are now known to induce time-dependent dissociation (Siezen et al , 1980b) 
Therefore, the 10-14 s and 7 s intermediates desenbed by Wisse et al (1966) are 
presumably not induced by 1 »-urea, but actually correspond to native a-crystallin 
(19 s) and 'alkali-modified a. crystallin' (12 a), their sedimentation coefficients being 
lower due to the primary charge effect [cf Fig 2 of Siezen et al (1980b)] Previous 
fluorescence and CD studies of dissociation/reassociation have not considered inter­
mediate stages of assembly (Li and Spector, 1974, Horwitz, 1976, Borkman and 
Lerman, 1978) 
2. Experimental 
Materials 
Native low molecular weight a cry stallin was obtained as before (Siezen et al , 1978. Siezen 
and Berger 1978) from extracts of calf lens cortices by gel filtration at 4eC on Biogel A5M 
(Biorad) or Ultrogel AcA34 (LKB) in 01 I Tris buffer p H M 7 3 (20 mM-Tris/HCl-80 тм-
\aCl-l т м EDTA-0-2 mM-phenjlmethyUulphonyl fluoride) or 0 17 1 phosphate buffer 
р Н " 7 3 ( 5 0 т м Na,HPO,-18 т м NaHJPO, H,CM тм-EDTA) Thea crystallin peak frac­
tions (l-2mg/ml) »ere stored frozen at — 20oC until subsequent analysis Concentrated 
a cristallin solutions were obtained bv preparative ultracentnfugation (Siezen and Berger, 
1978) 
Urea (Merck and Mallmckrodt) waa recrystallized from ethanol and guanidme hydrochloride 
(Merck and Fluka) was recrjstallized according to Nozaki (1972) 
Ihssocuitum/denaturation—reasAociation/reiuUitration 
a Crystallin was either dialysed ov emight at 20aC against freshly prepared solutions of urea 
or GuHCI in 017 I Tris buffer pH' 0 7 3 (20 т м Tris/HCI-150 т м NaCI) or 0 17 I phosphate 
buffer p H n 7 3, or directly diluted into these solutions A minimum dissociation/denaturation 
time of 1 hr was allowed to reach equilibrium (sedimentation studies), but generally up to 
24 hr were allowed to expire before spectral or renaturation studies were commenced as no 
time dependence of any of the physical properties » as apparent bet» een 1 and 24 hr exposure 
to dénaturant Renaturation was performed by removal of urea and GuHCI either through 
dialysis at 40C for at least 24 hr or by dilution at 20oC Dithioerj thntol (O01-O1 % w/v) »as 
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preaent in the sedimentation and fluorescence studies of a-crystallin denaturation-
renaturation, but not in the CD spectra measurements 
Spectroacopy 
Fluorescence emission spectra were measured, for ~ 0·! mg/ml ¡x-crystallin solutions, with 
1 cm pathlength cuvettes in α Hewlett Packard 3000 spectrofluorometer, thermostatted at 
20eC at 30 nm/min Excitation band width was 5 nm at 278 nm or 290 nm and emission band 
width 2 5 nm 
CD spectra were measured on а Сагу 60 spectropolanmeter, thermostatted at 2QPC with 
а Сагу 6001 circular dichroism unit, at 3-5 nm/min Cuvette pathlengths were 0 5 cm for 
near ultraviolet spectra of — 5 mg/ml protein solutions, and 0Ό5 cm (200-210 nm) or 1 0 cm 
(210-250 nm) for far-ultraviolet spectra of ~ 0 1 mg/ml solutions Far-ultraviolet CD spectra 
are presented in terms of the mean residue molecular ellipticity [Θ] (in deg cm'/dmol) and 
near-ultraviolet spectra as molar absorptivity difference Δε = eL —eH = [θ]Ν/3300 (in 
M"1 cm"1) Assuming a 3 1 ratio of A- to B-subumts in α crystallm, the 'average subumt' 
has Λτ = 173 5 residues (1 25 tryptophan, 5 tyrosine, 13 75 phenylalanine, no disulphides) a 
mean molecular weight of Ι9Θ95 and a mean residue weight of 114 6 (van der Ouderaa, de 
Jong and Bloemendal 1973, van der Ouderaa. de Jong. Hildennk and Bloemendal, 1974) 
No Lorentz corrections for the dispersion of the solvent refractive index were made (Fasman, 
1963) All spectra were corrected for the zero line of the blank (cuvette and solvent) All 
solutions were clarified by Millipore filtration before spectral analysis 
Protein concentrations, measured in the range 0 1-2 mg/ml are based on an absorption 
coefficient /i; 1
c
^ = 0 72 at 280 nm in Tns buffer pH 7 3 (Siezen and Berger 1978) This 
adsorption coefficient also applies in the presence of increasing urea or GuHC'l concentration 
provided the absorbance is measured at the peak maximum as it shifts from 280 nm to 277 nm 
in 8 ч urea and to 276 nm in 6 M-GuHCl 
Sedimentation 
Sedimentation velocity experimenta were performed in a Beekman Spinco E analytical 
ultracentnfuge, equipped with electronic speed control Sedimentation coefficients were 
determined near 20oC (8
г0 s), using Schlieren optics from the rate of movement of the 
maximum of the peak Sedimentation coefficients were then corrected for the density and 
viscosity of solvent relative to water at 20oC(S t ( ( w) using an apparent ü-valueof 0.745 ml/g 
(Siezen and Berger, 1978) Since protein concentrations varied between sedimentation runs, 
the sedimentation coefficients were extrapolated to infinite dilution (5,°
 w) as before (Siezen 
and Berger 1978) for meaningful companson 
Viscosities and densities of urea and GuHCl solutions were taken from Kawahara and 
Tanford (1966) 
3. Results 
Quaternary зітисіите 
The state of assembly of calf a-crystallm as a function of increasing urea or GuHCl 
concentration was investigated by sedimentation velocity analysis Figure 1 shows a 
selection of the Schlieren sedimentation patterns obtained and Fig 2 presents the 
sedimentation coefficients (<Sf0 w ) of the observed peaks vs dénaturant concentration 
In the absence of urea or GuHCl native α-crystallin sediments as a single nearly 
symmetrical peak with a sedimentation coefficient of 1 9 - 5 ± 0 5 s The slight peak 
asymmetry is due to some dimeno a-crystallin (Siezen, Bindeis and Hoenders, 1979) 
.which is presumably not in equilibrium with the main component (Siezen et al , 1978, 
Siezen and Berger, 1978) At the highest dénaturant concentrations the observed 5 | 0 w 
value of 1 4 + 0 I s is consistent with the theoretically calculated value of 1 4 s for a 
single poly peptide chain of 173-175 residues (A-and B-subumts, respectively) obeying 
random-coil hydrodynamics (Tanford, Kawahara and Lapanje, 1967), unfolded 
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urea 
1.0 M 1.9 M 3.0 M 3.8 M 4.2 M 5.0 M 
0.5 M 1.0 M 1.5 M 1.9 M 2.1 M 2.5 M 
GuHCI 
Via I ¡S<lilieren eedimentution velocity patterns of ot-crynUillin diaiwciation in urea and (¡uHCI at 
¿(PC Protein lomentration 7± I mg/ml m (HT I Tns buffer pH 7-3 (urea serien) or OI7 I phoKphate 
bufler pH 7 3 (most o( (¡uHC'l вепев), »ome of thr (iuHCl runs were done in the Tns buffer, hut the buffer 
choice (tul not influence the diseociation pattern Final concentrations were obtained after 1 I dilution 
ol protein solution with dénaturant Bolution Sedimentation IH from left to right at 60000 or ββΟΟΟ r/min 
dimers and trimera would have ^„.w values of 19 s and 2 3 s, theoretically. Up to 
1 0 M-urea or 0 5 M-GuHCl no significant dissociation is apparent from the SJ0 w values. 
At higher urea and GuHCI concentrations the sedimentation coefficients decrease 
continuously due to swelling, unfolding and dissociation into intermediate sized 
components At concentrations of between 1 and 4 M-urea these intermediate species 
separate into two discrete peaks, the slower peak predominating above 1-5 M-urea 
(Fig. 1 ) The sedimentation coefficient of the slower peak decreases from 14 to 5 s and a 
small plateau near 3 м-urea indicates a two-step transition [Fig. 2(a)]. A simplified 
interpretation of these results was presented in a preliminary report (Bindels et al., 
1979) Single subunits are present from 2·5 м-urea upwards and they are the main 
component above 4 2 м-urea, with 100% dissociation being attained around 5Ό M-urea. 
A decrease in the protein concentration at fixed urea concentrations causes a shift in 
the relative amounts of each component towards further dissociation (Bindels et al., 
1979). but we have not investigated the reversibility of this phenomenon yet. 
Therefore, Figs 1 and 2 describe the system best at about 7 mg a-crystallin/ml. 
In GuHCI the dissociation process is slightly different, with only one sediraenting 
peak for intermediate sized aggregates observed between 0 5 and 19 M-GuHCl (Fig. 
1) but a similar plateau for the SJ0 w value is observed around 1-5 M-GuHCl [Fig. 2(b)]. 
Single subunits, which are found from 125 M-GuHCl upwards, predominate above 
1 9 Μ and are the sole component above 2-5 M-GuHCl. 
The reversibility of these dissociation profiles was tested by removing the dénaturant 
from the same samples in a step-wise fashion. Complete reversibility to the «Sf,,
 w value 
of native a-crystalhn was found if no more than 1-0 м-urea or 0-5 M-GuHCl had been 
present, but after exposure to higher dénaturant concentrations this was no longer 
the case Reaesociation from concentrated urea solution retraces the SJ,,
 w dissociation 
profile of intermediate aggregates from 5 to 2-5 м-urea but then reaches a maximum 
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0 1 2 3 4 
M CuHO 
Fia 2 Sedimentation coefficients (Sj,
 w
 in Svedberg units) of a-crystallin components as a function 
of (a) urea and (b) GuHOI concentration at 20<,C Fast (•, D). intermediate (Α. Δ ) and slowly ( · . O) 
sedimenting peaks obuerved upon increasing the dénaturant concentration and intermediate sedimenting 
peak after decreasing dénaturant concentration ( • • ) Filled symbols and solid linee denote major 
components and open symbols and dotted lines minor components Same buffers and protein 
concentrations as in Fig 1 Most data points represent the average of two or three sedimentation runs 
Error bara generally indicate the s o of S¿
 w values, and these bars are the same size as the symbols 
for the slow sedimenting peak, however for fast and intermediate sedimenting peaks a minimal error 
of ± I s is estimated which includes s D and other errors inherent in measuring iS ,^
 w values of partially 
separated peaks 
of only 12·0± 10 s after complete removal of urea [dashed line in Fig. 2(a)]. Likewise, 
α-crystallin reassociation from GuHCl follows the 5J0 w dissociation profile in GuHCl 
down to 1 M-GuHCl, but then only reaches 15-6±l-0s upon complete removal of 
GuHCl, which is still considerably lower than the native α-crystallin sedimentation 
coefficient (19·5 3), yet much higher than after reaesociation from urea (12.0 s) 
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One of ine main factors responsible for the differences in size and heterogeneity 
of reassociated α-crystal 1 in appears to be the protein concentration during 
diseonatvon. This is illustrated in Fig 2' where the a° values of reassociated 
20, ν 
a-crystallin are plotted against the protein concentration (up to 140 mg/ml) at 
which α-crystallin is dissociated in 6 M GuHCl or 7 M urea Not only does the 
average size of reassociated a-crystallin increase with proteirr concentration but 
its size heterogeneity as determined on Biogel-ABm also increases enormously In 
fact, the s° values above 55 mg/ml in Fig 2'a only represent the A5ni fractions 
with maximal absorbance, and progressively increasing amounts of higher molecular 
weight aggregates with s° values exceeding 40 S are also observed Note that a 
stronger protein concentration dependence is found in reassociation from 6 M GuHCl 
than from 7 M urea, particularly below 10 mg/ml In fact, both graphs in Fig 2' 
may extrapolate to the same s° value of 12-13 S for reassociated α-crystal 1 in at 
infinite dilution For many other proteins correct reassociation depends on the 
protein concentration during reaesocriation (Jaemcke, 1978) with aggregation 
rt 
-1 1 1 1 г- -г • 
.І---+ 
i-L-K-T 
-I-
- I 1 1 1 1 1 1 1 1 1 1 1-
b/GuHCl 
Λ 
„.f-'l 
0 20 ¿0 60 О ЮО 120 140 
mg/ml 
Fig. 2' Sedimentation coefficients ( s ^ in Svedberg units) of reassociated 
a-crystallin as a function of the protein * concentration in (a) 7 M urea, or 
(b) 6 M GuHCl рггог to геаэзосгаЬгоп; 0.17 I Tris buffer pH 7.3. Reassociation by 
dialysis (filled symbols) or 100-fold dilution (open symbols) with buffer. Samples 
were then diluted or concentrated (Amicon XM50 ultrafiltration) , if required, for 
sedimentation analysis of whole reassociated sample (Α,Δ) or top Biogel-A5m fraction 
of reassociated sample (•). 
B O \ I X E л C R Y S T A L L I X IX U R E A A X D GuHCl " 4 3" 
increasing at higher protein concentration, but for α-crystallin this seens to be 
of minor importance, because (a) protein dissociated at Img/ml, and reconcentrated 
by ultrafiltration (Aimcon UM2 membrane) to70mg/ml in 7 M urea, then reassooates 
to a normal distribution of aggregates with an average β ° of 12 0 S, and (b) 
protein dissociated above 70mg/ml in 6 M GuHCl and reassociated at less than 
1 mg/ml by 100-fold dilution with buffer forms aggregates of average s' greater 
than 20 S (open triangles in Fig. 2'b). 
In preliminary trials of the dissociating effect of various other dénaturants 
(Table I) complete dissociation of o-crystallin was only observed in 11.4 M 
formamide Previously, 100Ï 2-chloroethanol, 1Ï SOS or pH= 1 were shown to produce 
single subumts (Bloemendal, Bont, Benedetti and Wisse, 1965, Harmsen, van Dam and 
van 0s, 1966). Although ethylurea, tetramethylurea and propylene carbonate are more 
potent dénaturants of other proteins than urea on an equimolar basis (Herskovits, 
Behrens, Siuta and PandoUelli, 1977, Pace, and Marshall, 1980), they are not 
particularly effective against o-crystallin Most dénaturants did however induce 
dissociation to intermediate sized aggregates of 10-14 S, suggesting that this is a 
relatively stable form of o-crystallin. 
TABLE ι 
Sedimentation coefficients of a-cryetallm in various other denaturing solvents* 
moles/l sed.coeff ic ient (Svedbergs) 
Agent (M) v o l Ζ а 2 0 в «20,4 
fonnamide 2.9 II 
5.7 22 
8.6 34 
11.4 45 
ethylurea 2.5 
tetramethylurea 0.8 10 
1.3 15 
1.7 20 
2 . 1 25 
dimethylsulfoxlde 1.4 10 
2.8 20 
7.0 50 
14.1 100 
2-chloroetharol 3.0 20 
6.0 40 
9.0 60 
propylene carbonate 1 2 10 
1.8 IS 
2 4 20 
Na-tnchloroacetic acid 0.2 
0 5 
1.0 
Na-desoxycholate (0.5Z w/v) 0.012 - 17.5 18.7 
* a-Crystallin in 0.17 I Trie buffer pH 7.3 was mixed with dénaturant to required 
concentration and final protein concentration 7 mg/ml. After at least I hour at 
200C the sedimentation coefficient of the main component was determined at 
60 000 revs./mm. 
** Slow component could not be accurately measured due to high viscosity of the 
solvent 
15.9 
10.9 
6.4/1. 
0.9 
8.6 
9.9 
7.0 
5.5 
5.2 
13 4 
1 
precip 
prec 
3.6/<0 
12.5 
4.8 
<0.6 
10.8 
10.2 
prec 
15 2 
11 3 
6.1 
ip 
7 
IP 
itated 
itated 
itated 
17.9 
13.7 
9.0/ 1.6 
1.5 
17.2 
13.7 
11.3 
10.2 
12.4 
17 7 
10.4 / <2 ** 
21.8 
12.6 
<2 ** 
13.6 
14 4 
17 9 
16.4 
12 8 
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Tertiary structure 
Fluorescence. Excitation of a-crystallin at 290 tira produces fluorescence emission 
between 300 and 400 nm which is due solely to tryptophan residues (Borkman and 
Lerman, 1978, Teale, 1960) Fluorescence emission spectra of α-crystallin in buffer, 
in 4-5 M-urea and in 6 м-GuHCl are shown in Fig. 3. Kinetic measurements at 330 nm 
show that after the addition of dénaturant most of the change in fluorescence occurs 
within 10 mm, and no change was found between 1 and 24 hr. The characteristics of 
our spectra are similar to those of Borkman and Lerman (1978), but contrary to their 
results we find a considerable decrease in fluorescence intensity upon addition of 
dénaturant, rather than an increase. In addition, our native α-crystallin has its 
emission maximum at 33Θ nm, rather than at 333 nm (Borkman and Lerman, 1978), 
and a band width of 53 nm. The emission maximum/band width are 347 nm/62 nm 
in 4 M-urea or higher, and 348 nm/58 nm in 2 5 м-GuHCl or higher. By the criteria 
8 
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Э00 320 340 360 380 nm 
Fio 3 nuoresœnœemisaionspectraofa-cTystallminiM? ITnsbufterpH 7 3( ) mbufter + 45M-
urea (— —) and in buffer + 6 M-GuH('l ( ) Excitation was at 278 nm, but essentially the same 
spectra are found with 290 nm excitation. Protein concentration Ol mg/ml 
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FIG 4 Fractional fluorescence change at 330 η m (•—•) and emission maximum (A A) of 
¡x-crystalhn as a function of (a) urea, and (b) GuHCl concentration Fluorescence waa measured relative 
to native л-crystallm fluorescence after either increasing (•, A) or decreasing dénaturant concentration 
( • ) by rapid dilution to desired dénaturant concentration and protein concentration (ΟΊ mg/nii)iiiO 17 I 
Tris buffer pH 7 3 Excitation at 278 or 290 nm (no difference) Егпзгя due to noise in spectra are ±0-02 
in fractional fluorescence and +0*5 nm in emission maximum 
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of Burstein, Vedenkina and Ivkova (1973) native a-crystallin would have about 5 0 % 
of its tryptophan residues buried in hydrophobic regions and 50 % in limited contact 
with water, whereas about 80 % would be completely exposed to solvent above 4 м-urea 
or 2-5 M-GuHCl Some 20 % of the tryptophan residues may not be completely exposed 
even at high urea of GuHCl concentration (Borkman and Lerman. 1978) The 
fluorescence yield and emission maximum as a function of dénaturant concentration 
are shown in Fig 4 In urea, the main transition occurs between 1 and 4 M, and a slight 
plateau a t 1 5-2 м-urea indicates a two-step transition. Fluorescence intensity is at 
a minimum in 4-4 5 м-urea (Figs 3 and 4) and is enhanced a t higher urea concentration, 
without change of emission maximum A similar transition is found between 0 and 
2 5 M-GuHCl, with a small plateau around 0-75 M [Fig 4(b)] I t is noteworthy that 
the initial fluorescence change commences at very low GuHCl concentrations, whereas 
up to 1 м-urea has no effect on the emission spectrum These fluorescence changes are 
essentially reversible, the denaturation profiles being retraced upon lowering of the 
dénaturant concentration by dilution (open symbols in Fig 4) 
Near-ultravwlet circular dtchrmsm The changes in the near-ultraviolet CD spectra 
of a-crystallin upon dissociation and denaturation reflect changes in the local 
environment of aromatic residues In our spectra (Fig 5) native a-crystallin is 
characterized by maxima at 258-5, 264 5, 272 5, 278 and 287 nm, and minima at 262, 
268, 275, 284 and 292 nm, which is similar but not identical to previous reports 
(Horwitz, 1976, Chiou, Azan, Himmel and Squire, 1979) Above 253 nm the spectrum 
is only negative between 290 and 298 nm the negative vibróme transition a t 292 nm, 
and possibly the 284 nm minimum coupled to it, anses from tryptophan residues 
(Strickland, Horwitz and Billups, 1969) The transitions below 270 nm are charac-
tenstic of phenylalanine fine structure (Horwitz, Strickland and Billups, 1969), on top 
of a broad background of tyrosine/tryptophan in this case, since there are no cystines 
in a-crystallin. The remaining transitions between 270 and 290 nm arise from tyrosine 
and/or tryptophan residues, with the 287 nm maximum presumably from tyrosine 
(Strickland et al , 1969 Horwitz, Strickland and Billups, 1970) 
In urea or GuHCl the peak intensities decrease, the tyrosine/tryptophan peaks 
between 270 and 290 nm gradually changing first at the lower dénaturant concen 
trations less than half their onginal intensity remains in either 4 м-urea or 1 M-GuHCl 
The 258 5 and 264 5 nm phenylalanine maxima and the 292 nm tryptophan minimum 
are virtually unaffected under these conditions, but they then change abruptly with 
further increase to β м-urea or 2 M-GuHCl The near ultraviolet CD spectra of 
a-crystallin do not change above 6 M-ureaor2 M-GuHCl(Fig 5) they are characterized 
by a lack of any fine structure above 270 nm (Δε being close to 0) and the persistence 
of the two phenylalanine peaks below 270 nm In fact, the unmodified shape of the 
latter peaks under denaturing conditions and the shift in negative-positive Δε 
crossover point of the spectra from 253-254 to 255-256 nm indicate that the 
background Δε values arising from tyrosine/tryptophan have been reduced between 
4 and 6 M-urea (and between 1 and 2 M-GuHCl) rather than the phenylalanine peaks 
proper In contrast to Horwitz ( 1976) we did not observe a change in sign from positive 
to negative for the whole spectrum between 260 and 285 nm in 6 M - G U H C 1 
Complete removal of urea and GuHCl from these same denatured a-crystallin 
samples, through exhaustive dialysis, does not restore all the peaks of the near-
ultraviolet CD spectrum to their original intensiH In particular, the tyrosine/trj p-
tophan peaks between 270 and 290 nm are only 40-50 % recovered from the highest 
GuHCl concentrations (resembling the 1 M-GuHCl spectrum) and 70-80% recovered 
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FIG 5 Near ultraviolet CD spectra of χ crystallin at ¿ОТ as a function of (a) urea and (b) GuHCl 
concentration CD spectra measured after 24 hr dialysis at 2CPC against desired dénaturant concentration 
Protein concentration approximately 5 mg/ml in 0-17 I Tris buffer pH 7 3 Error bars indicate typical 
noise levels 
from high urea concentration (resembling the 2 м-urea spectrum), whereas the two 
phenylalanine peaks and the 292 nm tryptophan peak are fully recovered in most 
cases 
Secondary structure 
Far-nltramolet circular dichrcnsm The unfolding of α-crystallin polypeptide chains 
as a function of urea and GuHCl concentration was studied by circular dichroism in 
the far ultraviolet region down to 215 nm (Figs 6 7), strong absorption bv these 
dénaturants prohibits measurements at lower wavelengths The CD spectrum of native 
oc-crystallin has a single minimum at 216+ 1 nm, characteristic οί β-sheet structure 
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FIG 7 (a) Far-ultraviolet CD spectra of i-crystallin and (b) mean residue molecular ellipticity at 
220 nm, [ 0 ]
m
, as a function of GuHCI concentration Other details as in Fig β 
(Sarkar and Doty, 1966), with a mean residue ellipticity at 216 nm. [ ]
гіі
, of 
— 4200 + 200 deg cm'/draol, and no fine structure between 205 and 245 nm. 
The negative ellipticity at 220 nra, [0]22O, diminishes nearly linearly with increasing 
urea concentration up to 8 M-urea [Fig 6(h)] and biphaeically with GuHCI concen­
tration, the major change occurring between 0 and 3 M-GuHCl [Fig. 7(b)] The 
minimum at 216 nm disappears and a shoulder or maximum develops around 225 nm. 
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Most denatured proteins without any ordered secondary structure have a strong 
minimum at 200-204 nm and a shoulder between 215 and 220 nra (Fasman, Hoving 
and Timasheff, 1970, Tiffany and Krimm, 1973). Unfolding of at-cryetallin subunits 
appears to be more extensive in β м-GuHCl than in 8 M-urea, and from the [0]tt0 values 
23 % residual secondary structure in 8 м-urea is calculated if we assume that the 
6 м-GuHCl spectrum represents complete unfolding. However, the trend of [ö]220 
values vs. dénaturant concentration [Figs 6(b), 7(b)] strongly suggests tha t even 
higher concentrations of either urea or GuHCl would be required for complete 
denaturation. 
The ellipticity changes are essentially reversible upon lowering of dénaturant 
concentration through dilution [open symbols in Figs 6(b), 7(b)], although the 
maximum negative ellipticity regained at 216 nm is —3800 degcm'/dmol , and a slight 
hysteresis effect is noticeable in urea. 
It may be noted that the CD spectra were not corrected for the dispersion of the 
solvent refractive index (Fasman, 1963), for absorption flattening, or for light 
scattering distortion (Urry and Ji , 1968, Schneider, Schneider and Rosenheck, 1970), 
since any correction would be small and would only enhance the measured ellipticity 
changes 
4. Discuss ion 
The quaternary structure change (dissociation) of calf a-crystalhn as a function of 
increasing urea concentration clearly resembles dissociation by increasing alkaline 
pH when studied by sedimentation velocity analysis. Above 1 м-urea native a-
crystallin (19 s) first irreversibly dissociates into an intermediate component of about 
12 s, in analogy with dissociation to a 12 s 'alkali-modified component ' above pH 8 
(Siezen et al , 1980b). This 12 э dissociation intermediate is assumed to represent the 
core and middle layer of subunits of our three-layer model after irreversible removal 
of all the outer layer subunits (Bindelset al., 1979; Siezenet al , 1980b) These removed 
subunits are assumed not to unfold, but to immediately reassemble to new 12 s 
two-layer molecules since single subunits are not observed in sedimentation. Between 
1 and 4 м-urea the sedimentation coefficient of the intermediate peak progressively 
decreases to about 5 s, and this transition is reversible [Fig. 2(a)] This is interpreted 
as reversible dissociation of the 12 s intermediate to the core of subunits upon 
progressive removal of middle layer subunits, leading to a reaction boundary in 
sedimentation if the components are in rapid reversible equilibrium (Gilbert and 
Gilbert 1973). At this stage a slowly sedimenting peak representing single subunits is 
first seen. Above 4 м-urea, the final step is reversible dissociation of the core to single 
subunits (14 s), which appears to be continuous with the previous dissociation step 
since no dénaturant range (plateau) is observed in Fig. 2 where the core itself is the 
most stable intermediate structure. These last two transitions are reversible in the 
sense that the middle curve in Fig. 2 (a) is retraced until a 12 s ' reassociated a-crystalhn ' 
is formed, which should be identical or very similar to the 12 s dissociation inter-
mediate. As in the case of alkaline pH dissociation, the only irreversible step is therefore 
the 19 s -> 12 s dissociation at low dénaturant concentration, or in terms of our 
subunit model the three-layer to two-layer transition is irreversible. 
In GuHCl the first dissociation step, between 0-5 and 15 М-GuHCl, is also 
irreversible At 1-5 м-GuHCl dissociation to the 12 s intermediate is complete and 
further reversible dissociation occurs at higher GuHCl concentrations as in urea. 
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Between 0-5 and I - S M - G U H C I only a single sedimenting peak is observed, and the 
sedimentation coefficients do not correspond to the native three-layer or dissociated 
two-layer subunit structures ; however, they could arise by progressive release of third 
layer subunits instead of an all or nothing effect This could be due to a stabilizing 
effect of the higher ionic strength (GuHCl) on these intermediate dissociation states. 
Whatever the exact dissociation mechanism involved, the irreversibility of this step 
is again the limiting factor in incomplete reassociation. Admittedly, a larger reasso-
ciated a-crystallin (15-6 s) is formed after reassociation from GuHCl than from urea, 
possibly again by high ionic strength stabilization of aggregates with a limited number 
of subunits in the outer layer, as in the corresponding dissociation step. 
However, the protein concentration during dissociation, particularly in GuHCl, also 
determines the size of reassociated o-crystallin (Fig. 2 ' ) . It is obvious from 
these results that an average sedimentation coefficient of 19 S (or higher) can be 
obtained for reassociated a-crystallin, but the enormous size heterogeneity of such 
a sample implies that the native a-crystallin population of molecules (Siezen et 
a l . , 1978) has not been regenerated. This misinterpretation may have played a role 
in some earlier claims of correct reassociation (Bjork, 1964; Li and Spector, 1972). 
An explanation for this anomalous aggregation is not evident, and kinetic analysis 
of this problem will be required. One can question whether complete dissociation to 
subunits occurs at very high protein concentrations in 8 M urea or 6 M GuHCl, but 
this is very difficult to analyze experimentally. 
The comparison of tertiary structure information is complicated by the fact that 
the near-ultraviolet CD measurements were performed at 5 mp/ml (similar to 
sedimentation runs) and the fluorescence spectra at 0·1 mg/ml Since lower protein 
concentration enhances dissociation (Bindels et al., 1979), the fluorescence changes in 
Fig 4 will be shifted to lower dénaturant concentration relative to the sedimentation 
and near-ultraviolet CD changes. Therefore, it seems reasonable to assume that the 
intermediate plateaus observed in the fractional fluorescence change around 2 M-urea 
and 1 M-GuHCl (Fig. 4) correspond to plateaus in sedimentation coefficient at 3 M-urea 
and 1-5 M-GuHCl (Fig 2). The fluorescence changes with increasing dénaturant 
concentration then closely parallel the sedimentation results, implying that the 
exposure of tryptophan residues in two stages corresponds to dissociation to 12 s 
intermediates and dissociation to single subunits, the latter stage inducing the largest 
change in fluorescence A possible third stage of tryptophan exposure, corresponding 
to further unfolding of subunits, is indicated by the fluorescence increase between 4 
and 7 M-urea, but this effect was not seen in GuHCl 
Near-ultraviolet CD has the potential for giving more extensive information on 
tertiary structure changes since phenylalanine and tyrosine transitions are also 
observed, although tyrosine and tryptophan transitions are often difficult to separate 
in the 270-290 nm region (Strickland et al., 1969: Horwitz et al., 1970) Still, it is clear 
from Fig. 5 that only the CD changes of a-crystallin in the 270-290 nm region run 
parallel with the sedimentation coefficient changes upon increase of dénaturant 
concentration up to 4 M-urea or 1 M-GuHCl, which indicates that some tyrosine and/or 
tryptophan residues are exposed upon dissociation to 12 s intermediate. The 
tryptophan residues responsible for the 292 nm peak are probably located in the 
middle layer and core of subunits, since this 292 nm peak only disappears above 
4 M-urea or 1 м-GuHCl when the 12 s intermediate dissociates. Full regeneration of 
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this 292 nm peak after removal of dénaturant implies that the core and middle layer 
can be reassembled, which is in agreement with our conclusions from sedimentation. 
The 270-290 nm tyrosine and/or tryptophan peaks are only partially regenerated 
after complete removal of urea or GuHCl, and the near-ultraviolet CD spectra of 
reassociated a-crystallin are in fact identical to the spectra in 2 м-urea or 1 M-GuHCl, 
respectively. In other words, the near-ultraviolet CD spectra of 12 s reassociated 
a-crystallin and 12 s dissociation intermediate are virtually identical and so are their 
tertian' structures therefore. 
In the preceding discussion of aromatic residue environments it is tacitly assumed 
that A- and B-type subunits contribute equally to fluorescence and CD spectra, which 
is not unreasonable in view of the extensive sequence homology (van der Ouderaa et 
al 1974) and presumably also secondary and tertiary structure homology (Siezen, 
1981). 
Secondary structure changes in proteins, analysed by far-ultraviolet CD, can be 
partially obscured by other contributions to the spectra, such as from aromatic 
chromophores (Adler, Greenfield and Fasman, 1973). Quaternary structure changes 
can alter far-ultraviolet CD spectra, reflecting conformational changes or coupling 
between groups on different polypeptides rather than unfolding (Gratzer and Beaven, 
1969; Dorrington and Smith, 1972; Cheng, Glazer and Pierce, 1973). Thus, the small 
but significant change of the ellipticity values in 2 м-urea or 1 м-GuHCl (Figs 6 and 
7), where dissociation to 12 s intermediate has occurred (0-1 mg/ml!) but no single 
subunits are evident in sedimentation, is most probably not related to unfolding. At 
higher dénaturant concentrations, at which subunits are progressively released from 
successive layers of a-crystallin molecules, the [ ]
гго
 values increase monotonously, 
suggesting that these subunits begin to unfold as soon as they are released. Above 
5 м-urea or 2 M-GuHC'l, at which dissociation to single subunits is complete, the [ ]1Ю 
values continue to increase, which is indicative of the presence of separate folding 
domains with different stability towards dénaturants and/or different unfolding 
characteristics of A- and B-type subunits. This unfolding is reversible, but again only 
to the stage at which the far-ultraviolet CD spectrum of 12 s reassociated a-crystallin 
is identical to that of 12 s dissociation intermediate (viz. the 2 м-urea or the 1 M-GuHCl 
spectra) 
From the preceding discussion the main conclusions emerge that dissociation and 
reassociation of ot-crystallin, either by variations in dénaturant concentration or 
alkaline pH, occur via a number of intermediate stages which can all be explained 
with our three-layer model of subunits. The 12 s reassociated a-crystallin is identical 
to the 12 s dissociation intermediate in nearly every aspect of secondary, tertiary and 
quaternary structure. 
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2.3 THE REACTION OF BOVINE α-CRYSTALLIN LYSINE RESIDUES 
WITH CITRACONIC ANHYDRIDE: 
Surface probing and dissociation-reassociation studies 
B i n d e l s , J a c q u e s G . f Misdom, Ludwig W. and H o e n d e r s , Herman J . 
INTRODUCTION 
One of the main water-soluble eye lens proteins, a - c r y s t a l l i n , is 
a spherical assembly of 30-50 A- and B-type subunits (M : 20 000) occurring 
in ratios between 2:1 and 4:1 [5,19,20]. I ts isoelectr ic point is remarkably 
low; values between 4.8 and 5.2 [7,29] were found. Since the constituent 
N-terminally blocked subunits A. , B, (the primary gene products), Aj and 
В (deamidation products) a l l have higher pi values [ 4 - 6 ] , i t is clear 
that the acidic residues are more solvent-exposed than the basic ones. 
In recent years we have investigated various aspects of the 
quaternary structure of bovine α-crystal l i n with the purpose of gaining 
insight into i t s function and changes which take place on a molecular level 
upon aging [2,3,17-26]. As a result of these studies we have proposed a 
three-layer model for i t s subunit arrangement, which is based on a core of 
A-subumts surrounded by two d i f ferent layers of A- and B-subumts [2,25]. 
Solvent-exposed lysine groups were involved in the surface probing 
investigations by l imited trypsinolysis [17,22] and in the chemical cross-
l inking studies with bifunctional imidoesters [21,24]. However, both 
approaches gave only qual i tat ive information; i t was remarkable to f ind 
that the t r y p t i c cleavage sites mainly comprised arginine bonds [17,22]. 
Quantification of the reactive lysine groups by cross-linking with bisimido-
esters was hampered by polyamidine formation [21]. 
Upon reacting proteins with succinylating agents, a l l groups can 
be modified at a pH near 8 but the replacement of positive charges by 
negative ones causes disruption of the quaternary structure [1] . Spector 
and Katz [27] reported that the addition of 10 equivalents of succinic 
anhydride for each equivalent of lysine gave only l i t t l e changes in the 
sedimentation constant of α-crystal 1 i n , even though 90% of the amino groups 
had been succinylated. Addition of more succinic anhydride resulted in 
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dissociafion to 5.3 S aggregates. Siezen (unpublished work cited in 
reference 25) found complete dissociation into 1.3 S subunits upon 
citraconylat ion. The o-crysta l l in dissociat ion, achieved by increasing the 
pH or temperature [ 2 5 ] , or by the addition of denaturing agents [261 is 
not completely reversible. The reaggregation behavior of o - c r y s t a l l i n , 
dissociated by modification of i t s amino groups with a reversible blocking 
reagent, has not yet been reported. 
Here, the modification of a-crysta l l in lysine residues with 
citraconic anhydride at pH 7.3 is reported. Drastic conformational changes 
(dissociation) were observed i f more than two equivalents of citraconic 
anhydride per equivalent of lysine were added. One fourth of the lysine 
residues could be modified without disrupting the quaternary structure, 
nearly a l l B-chams and approximately half of the Α-chains were involved. 
These results are in good agreement with our three-layer model. Attempts 
to reaggregate citraconylation-dissociated a-crysta l l in by decitraconylation 
at pH 6.3 to aggregates identical to native a - c r y s t a l l i n , were unsuccessful. 
MATERIALS AND METHODS 
Native low molecular weight a-crystallin was obtained as before [19,20] from 
the extracts of calf cortices by gel permeation chromatography at 4 С on 
Biogel-ASm (Bio Rad) in 0.05 M Na-phosphate buffer pH 7.3 containing 1 mM 
EDTA. The a-crystallin peak fractions (1-2 mg/ml) were concentrated by 
preparative ultracentrifugation (15-20 mg/ml) [20] and stored in solution 
at -20 C. a-Crystallin concentrations were determined at 280 nm using the 
A„„. (1 mg/ml; 1 cm) value of 0.72 [20]. ¿ou nm 
Citraconylation was performed by adding the citraconic anhydride (2-methyl-
maleic anhydride, Pierce) in small increments to a stirred a-crystallin 
solution amounting to 8 mg/ml (prepared from the concentrated one by dilution 
with pH 7.3 buffer) at room temperature. The pH was monitored with a 
Radiometer (type PHM 64) pH meter equipped with an Ingold (type W 1224) 
microelectrode, and was maintained at pH 7.3±0.2 by the addition of ] M NaOH. 
In the cases where only small amounts of citraconic anhydride had to be 
added, the reagent was "diluted" with tetrahydrofuran, the total amount of 
this solvent in the ultimate reaction mixture was kept below 1% (ν/ν), 
After the last addition, stirring was continued for 1 hour. In this way, 
the excess of citraconic anhydride was hydrolyzed so that it could not 
interfere with the subsequent steps. 
Free amino groups were determined at pH 9.0-9.5 according to Habeeb [10] and 
using a tenfold molar excess of trinitrobenzenesulfonic acid (BDH). The 
reaction mixture was kept for 2 hours at 40 C, was then brought to room 
temperature and after the addition of sodium dodecylsulfate and acidification, 
its absorbance at 340 nm was read against an adequately treated blank. The 
proportion of citraconylated amino groups was determined by relating the 
absorbances of modified samples to those of native a-crystallin treated 
in the same way except for the addition of citraconic anhydride. 
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SedimenCation coefficients were determined with Schlieren optics in a 
Beekman model E analytical ultracentrifuge equipped with electronic speed 
control from the rate of movement of the maximum of the Schlieren peak 
and corrected for the density and viscosity of the buffer relative to water 
at 20 С (s 9 n ). Since the protein concentration in the samples ranged 
from 3 to ' 8 mg/ml, the s-values were corrected to zero concentration 
(s' ) according to Siezen and Berger [20] for proper comparison. 
The effect of citraconylation on the subumts was investigated by isoelectric 
focusing in the presence of 6 M urea using cylindrical 5% Polyacrylamide gels 
[12], Pharmalytes 4-9 (Pharmacia) and tap water-cooling (10 C). The samples 
were dialyzed at 4 С before isoelectric focusing against 0.03 M tris-HCl 
pH 8.6 to remove the interfering substances. Quantitative data on the subunit 
compositions were gained by scanning the Coomassie brilliant blue G (Gurr) 
stained gels at 590 nm and by determining the areas under the scanning 
profiles. Isoelectric points were measured with the microelectrode at room 
temperature. Theoretical isoelectric points for the a-crystallin subumts 
were calculated according to Ui [28] using the primary structure data for the 
Α.- [14] and the B.-chain [15] and assuming that two asparaglne and/or 
glutamine residues have been deamidated in the Α.- and B.-chains, 
respectively. We estimated that citraconylated amino group residues would 
have a pK value of 2.4 due to their ability to delocalize the negative 
charge; i n t pK values of 4.6, 6.3, 8.3, 9.7, 10.0, 12.2 and 3.8 were 
used for the aspartic and glutamic acid, histidine, cysteine, lysine, 
tyrosine, arginine and the C-terminal residues, respectively. 
Decitraconylation was done by lowering the pH upon addition of an equal 
volume of 0.01 M acetate buffer pH 5.5. This resulted in a pH of 6.3 for 
the samples which were then Millipore filtered (0.22 μιη) into sterile vessels 
to prevent degradation by microorganisms during the decitraconylation for 
several days at room temperature. 
RESULTS 
Citraconylation of amino groups is routinely used to reversibly 
protect these groups against modification primarily directed to other 
functional groups or against the proteolytical activity of trypsin. Its 
effect on the quaternary structure (dissociation), induced by the replace­
ment of a positive charge by a negative one, is considered advantageous in 
order to make even non-surface-exposed residues accessible to modification 
[1] This effect has prompted some investigators [9,13] to use it in 
quaternary structure investigations The results, thus obtained, may be 
compared with studies describing alkaline or acidic pH dissociation or the 
effects of denaturing agents such as urea, guamdine-HCl, chaotropic salts 
and detergents 
Table I gives the results of citraconylating a-crystallin at pH 7.3 
and room temperature. It was found that the addition of two equivalents of 
atracóme anhydride per equivalent of lysine, resulting in modification 
-58-
TABLE I 
Citraaonylation of the amino groupe from calf cortical (x-crystallin 
Equivalents of citraconic 
anhydride added per 
equivalent of lysine 
Ζ citraconylation * D20.w 
0 
1/20 
1/4 
1 
2 
3 
4 
10 
100 
0 
4 
7 
15 
2A 
30 
33 
52 
98 
19.2 S 
19.1 S 
18.5 S 
10.0 S 
9.6 S 
7.4 S 
1.4 S 
* Ail Ζ citraconylation ±3Z; all sedimentation coefficients ±0.3 S 
B2 -
0 1/20 1/4 1 
FlG. 1. Isoelectric focusing in the presence of 6 M urea (pH 4-9, top to 
bottom) of native (0) and citraconylated o-crystallin obtained by adding 
1/20, 1/4, 1 and 4 equivalents of citraconic anhydride per equivalent of 
lysine residues (left to right). The positions where the native Ai-, A2-, 
Bi- and Bj-subunits focus are indicated on the left; on the right are the 
positions where the citraconylated subunits focus indicated. 
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of 24% of the lysine residues, had no appreciable effect on the a-crystallin 
quaternary structure. However, three equivalents of citracomc anhydride, 
reacting with 30% of the lysine residues, markedly decreased the 
sedimentation coefficient. Using a tenfold molar excess of citracomc 
anhydride, we found that somewhat more than half of the lysine residues 
could be modified yielding an s value of 7.4 S for partly dissociated 
a-crystallin molecules. Complete dissociation into 1.4 S subumts and nearly 
100% lysine modification was accomplished by the addition of 100 equivalents 
of citracomc anhydride per equivalent of lysine. 
Because an amino group alters its charge upon citraconylation, the 
modification can also be analyzed by gel electrophoresis or isoelectric 
focusing. In figure 2 the isoelectric focusing patterns for untreated 
α-crystal 1 in and those obtained after tne addition of 1/20, 1/4, 1 and 4 
equivalents of citracomc anhydride per equivalent of lysine are shown. 
It is remarkable that the unmodified В -chains and the one-time-citraconylated 
В -chains can be discerned although both were derived from the B.-chains 
and are two charges more acidic. The small difference in isoelectric point 
for these polypeptides may be accounted for, if we consider the intrinsic 
pK values involved (glutamic and/or aspartic acid, lysine, citraconylated 
lysine. 4.6, 9.7, 2.4, respectively) and realize that at pH values differing 
2 or 3 units from the pH values, 1% or 0.1%, respectively, of the pertinent 
residues are still uncharged. 
In table II theoretical isoelectric points for native and 
citraconylated a-crystallin subumts are given together with a compilation 
of six different experimental pi determinations in the presence of 6 or 7 M 
urea [4,6,16]. Judged from the standard deviation of the mean, the averaged 
values for the apparent isoelectric points of the a-crystallin subumts in 
urea, calculated in table II, appear to be reliable. The agreement of these 
values with the theoretical values determined according to Ui [28] is 
astonishing since we did not use any correction for the effect of urea on 
the dissociation of water [8,11,28]. The one- or two-times-citraconylated 
a-crystallin subumts could be identified in fig. 1 according to their 
theoretical pi values. We have assigned the several bands seen on the gels 
in fig. 1, determined their stain intensities and calculated the percentage 
of citraconylated subumts. The results, shown in fig 2, clearly demonstrate 
that the B-chains are more susceptible to citraconylation than the A-chains 
which seems logical since they contain 10 lysines and the A-chams have 
only 7. 
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TABLE II 
Apparent iaoelectrve pointa of native and citraconylated a-cryetallin 
eubumts m 6 M urea at 20-25 С 
Experimental data 
a 
b 
с 
d 
e 
f 
mean i S.D. 
Theoretical data 
native 
1 lys citraconylated 
2 lys citraconylated 
A
, 
5.38 
5.84 
5 8 
5.8 
5.60 
5 4 
5.63±0 08 
5.64 
5.40 
5.20 
A2 
5.82 
6.14 
5.9 
6.0 
5.92 
5.7 
5.91±0.06 
5.93 
5.62 
5.36 
»1 
6.67 
6.91 
6.6 
6.6 
7.07 
6.6 
6.74±0.08 
6.65 
6.30 
6.00 
B2 
7.07 
7.19 
7.2 
7.1 
7.42 
7.0 
7.16±0.06 
7.22 
6.64 
6.29 
(a) this work using isoelectric focusing in Polyacrylamide gels and 
Pharmalytes 4-9 (Pharmacia) in the presence of 6 M urea; 
(b) determined from flat-bed isoelectric focusing using Sephadex-G25 and 
Servalytes (Serva: pH 3-10, techn.) in 6 M urea (unpublished); 
(c) determined by chromatofocusing in 6 M urea using РВЕ 94 ion exchange 
resin and polybuffer 74 (Pharmacia) eluted at pH 5.6 (unpublished); 
(d) according to Bloemendal and Groenewoud [6]: chromatofocusing with 
elution at pH 4.5 in the presence of 6 M urea; 
(e) according to Schoenmakers and Bloemendal [16]: isoelectric focusing 
in 6 M urea, a sucrose gradient and LKB pH 5-8 Ampholines; 
(f) according to Bjork [7]: isoelectric focusing as in (e) except that 
7 M urea was used. 
If we consider the transition in sedimentation coefficient observed 
between the addition of the second and the third equivalent of atracóme 
anhydride per equivalent lysine residues (table I), it can be inferred 
from fig. 2 that 60±20% of the Α-chains and 90±10iS of the B-chains can be at 
least one time citraconylated without disrupting the quaternary structure 
of a-crystallin This is in good agreement with our model for the quaternary 
structure [2] where all B-chains are located in (partly) exposed layers and 
13 out of 31 A-chains (42%) are proposed to be buried in the central layer 
of the aggregates Further, no clear differences between the susceptibility 
to citraconylation for the A -chains and their deamidation product (A ) is 
observed which suggests that they are equally distributed among the interior 
and exterior layers of the a-crystallin molecules. It is interesting to 
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VoSubunits citraconylated 
D 1/20 eq. c i t r a c o n i c anhydride 
D 1/4 eq. 
Q 1 eq. 
Ш 4 eq. 1 0 0 
8 0 -
6 0 
4 0 
2 0 
Г І 
A a 
в, 
FlG. 2. Proportions of the ct-crystal l in subunits which were modified by 
adding 1/20, 1/4, 1 and 4 equivalents of c i t r a c o n i c anhydride per equivalent 
of lysine residues determined from i s o e l e c t r i c focusing ( f ig . 1) . 
mention that upon cross-linking with bisimidoesters [24], one of the 
arguments of the model and also concerning the accessibility of lysine 
residues, only 60% of the subunits in the a-crystallin aggregates could 
be cross-linked. To demonstrate the reliability of the method to calculate 
the proportions of citraconylated subunits from isoelectric focusing (fig. 1), 
we also used the intensities of the several bands to calculate the percentages 
of citraconylated lysine residues. These amounted to 4.5%, 7%, 11% and 26% 
for the gels where 1/20, 1/4, 1 and 4 equivalents of citraconic anhydride, 
respectively, were added. On comparing these data with those obtained by 
direct amino group determination {table I), it may be concluded that there 
is good agreement. The somewhat lower values in the case of addition of 1 
and 4 equivalents are probably due to some decitraconylation during the 
isoelectric focusing. 
Decitraconylation was pursued at pH 6.3 since we could not find an 
appreciable reversal of the modification at pH 7.3. The first experiments 
revealed that a further decrease in pH resulted in partly irreversible 
precipitation of the modified a-crystallin. Our attempt to regain the 
original quaternary structure of o-crystallin was done using dissociated 
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α-crystallin obtained by the treatment of the native protein with four 
equivalents of citracomc anhydride (9.6 S, 33% of the lysine residues 
modified with 90% of the subumts involved). The decitraconylation was 
followed for five days yielding ultimately 15.6 S aggregates with still 10% 
of the lysine residues modified and 60% of the subumts involved. Based on 
its s-value, this reaggregation product is comparable with those obtained 
after guamdine-HCl dissociation [section 2 2, 26] 
Imnediately after lowering the pH, the s-value increased to 14 S 
while at the same time no detectable extent of decitraconylation could be 
found. Therefore, we assume that the aggregation upon lowering the pH is 
induced by the increasing protonation of the histidine residues ( P K l n t 6-3). 
thus generating positive charges to neutralize the negative citracomc 
moieties, rather than to decitraconylation. 
DISCUSSION 
Citracomc anhydride can react with all amino groups of a-crystallin 
at pH 7.3,provided a large excess is added, this is accompanied by total 
dissociation into the 20 000 dalton subumts. A fair excess of citracomc 
anhydride (3-10 equivalents) is able to partly dissociate the o-crystallin 
molecules due to the modification of 30% or more lysine residues Addition 
of up to 2 equivalents of citracomc anhydride per equivalent of lysine 
has no appreciable effect on the quaternary structure Since 24% of the 
amino groups are accessible in this way, it can be inferred that at least 
one quarter of the lysine residues in α-crystal lin is surface-exposed. 
Nearly all B-chains and approximately 60% of the Α-chains are involved 
This is in good agreement with the three-layer-model for the quaternary 
structure of a-crystallin [2] 
It may be argued whether an other reagent might modify even more 
lysine residues without affecting the quaternary structure as was found 
by Spector and Katz [27] using succinic anhydride However, considering the 
acidic isoelectric point for native a-crystallin aggregates, this seems 
unlikely If all charged residues would be equally solvent-exposed, an 
isoelectric point between 6 1 and 6 2 must be found Moreover, considering 
that the charged residues of all B-chains and of only 60% of the A-chains 
which are located in the outer layers according to the proposed model [2] 
are solvent-exposed, a pi value near 6 3 would be expected. A comparison 
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of these values with the experimental isoelectric point determined by 
Bours and Brahma [7] of 4.85 using isoelectric focusing, clearly indicates 
the preferential location of acidic residues at the surface of the 
aggregates. Therefore, it seems unlikely that much more than 25% of the 
lysine residues are solvent-exposed since in that case nearly all acidic 
residues are needed at the surface to accomodate for the excess of negative 
charges unless only very few arginine residues are exposed. However, 
since there are nearly twice as much arginine as lysine residues [14,15] 
and based on the surface probing experiments using limited proteolysis 
[17,22] where preferentially arginine bonds were cleaved, it seems reasonable 
to assume that an appreciable amount of arginines are solvent-exposed. 
In this respect nothing is known about the solvent-exposure of the histidine 
residues. 
Dissociation upon citraconylation cannot be completely reversed. 
Reaggregation to three-layer aggregates identical with native a-crystallin 
has not yet been achieved whatever the dissociating (re)agent and/or 
circumstances were [25,2b]. Citraconylation seemed a good alternative 
since its action is limited to the lysine residues and it is reasonable 
to assume that ci traconi с anhydride-treated and -dissociated a-crystallin 
still contains an appreciable amount of the original tertiary structure. 
We think that our present negative results as well as those concerning the 
reassociation from citraconic anhydride-dissociated aldolase [9] and catalase 
[13] may be attributed to the much faster aggregation rather than the 
decitraconylation upon lowering the pH. The incorporation of citraconylated 
lysine residues in reaggregates does not seem to be advantageous to find 
the correct reaggregation pathway. 
To conclude, it must be clear that citraconic anhydride is a 
valuable reagent not only in primary structure determinations but also in 
surface probing of multimeric proteins. It reacts readily with amino groups 
at physiological pH and decitraconylation can be controlled. Isoelectric 
focusing and tryptic peptide mapping can give detailed information. Its 
action on bovine a-crystallin supports our model presented earlier for the 
quaternary structure [2]. If its excess is large enough, it reacts with 
amino groups initially involved in stabilizing the native architecture and 
thus induces dissociation. Upon lowering the pH, dissociation is reversed. 
However, in the case of bovine a-crystallin, reaggregation did not lead to 
molecules indistinguishable from native ones. 
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2 . 4 STEPWISE DISSOCIATION/ÛENATURATION OF CALF CORTICAL 
a-CRYSTALLIN IN UREA: 
High-pressure gel permeation chromatography with 
low-angle laser l igh t scattering and fluorescence detection 
Bindels, Jacques G., van den Oetelaar, Piet J.M. and Hoenders, Herman J. 
INTRODUCTION 
The structural eye lens protein a-crystallin is a spherical assembly 
of 30-50 A- and B-type subumts (M · 20 000) which occur in ratios between 
¿:1 and 4:1 [5,18]. Although, due to its imcroheterogeneity [18], it is a 
protein hard to investigate, insight in its quaternary structure is highly 
desirable for the proper interpretation of age-related alterations which 
take place in the lens and their importance in cataractogems [6,8,12,21,25]. 
Approaches like surface probing by chemical modification methods and 
limited proteolyses and partial dissociation studies, have led us to propose 
a three-layer model for the quaternary structure of a-crystallin [2,3,17-24]. 
From surface probing studies [3,17,22] it became clear that all 
B-chams are located in the outer two layers. The transitions observed in 
the partial dissociation experiments by variation in alkaline ph, ionic 
strength, temperature and denaturing agent concentration have been 
incorporated into a hypothetical scheme [23,24]. Two-layer molecules 
(M : 4-4.5·105) are generated by low urea or guamdme-HCl concentrations, 
pH near 9.0, high temperature and renaturation of urea or guamdine-HCl 
dissociated/denaturated a-crystallin and appear to be very stable assemblies 
[23,24]. The existence of one-layer or core molecules (м : 2.5-3·IO5) as 
intermediates in the dissociation pathway been postulated only on the 
basis of a reaction boundary found in sedimentation analyses with an 
s-value between 6 S and 12 S at pH 10.4 or at intermediate concentrations 
of urea and guamdine-HCl. 
This section deals with a new approach to identify, isolate and 
characterize the various stages of disassembly caused by increasing urea 
concentrations. High-pressure gel permeation chromatography (GPC) on TSK GEL 
sw-type columns in intermediate urea concentrations using 280 nm absorbance, 
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differential refractive index, low-angle laser light scattering and 
fluorescence detection, and subumt determination of the effluents by 
isoelectric focusing revealed new information. 
The results are discussed in relation to our earlier proposed 
three-layer subumt arrangement model for calf cortical a-crystallin and 
are found to support the model. A previous interpretation of the partial 
dissociation by Sephacryl-S200 GPC in 3.8 M urea, based on the assumption 
that the a-crystallin subumts belonging to the several layers get loosened 
separately and as monomers [section 2.1; 2], turned out to be incomplete. 
MATERIALS AND METHODS 
Native low molecular weight a-crystallin was obtained as before [18,19] 
from the extracts of calf cortices by gel permeation chromatography (GPC) 
at 4 С on Biogel-A5m (Bio Rad) in 0.05 M Na-phosphate buffer pH 7.3 
containing 1 шМ EDTA. The a-crystallin peak fractions (1-2 mg/ml) were 
concentrated by preparative ultracentnfugation (15-20 mg/ml) [19] and 
stored in solution at -20 C. 
High-pressure GPC using TSK GEL SW-type columns (GSWP: precolumn, 0.75»10cm 
and G3000 SW or G4000 SW: analytical columns, 0.75»60cm) and 0.1 M NazSO*, 
0.02 M Na-phosphate, urea concentrations between 2.6 M and 4.4 M and pH 6.9 
was performed at room temperature and constant flow rate of 0.5 ml/mm 
(pump: Beekman/Altex model 100A and pressures near 35 and 20 bar for the 
G3000 SW and the G 4000 SU columns, respectively). The samples were prepared 
by addition of concentrated urea solutions (extra urea was dissolved in 
elution buffer) to concentrated Qt-crystallin solutions to obtain the desired 
urea concentration and a protein concentration of 10 mg/ml in the 150 pi 
sample. After mixing, the sample was directly applied to the column system 
using a Valco loop injector equipped with a 100 ul loop. To avoid extensive 
cyanate production, we only used freshly prepared urea solutions. Urea 
(Merck, zur Analyse) was used without further purification . 
Detection, based on protein concentration, was done by recording the 280 nm 
absorbance (Hitachi model 100-30 equipped with an Altex flow-cell) or the 
differential refractive index (DRI, Melz LCD 201, thermostated at 20.00OC). 
We could not detect any essential difference in the 280 nm- or DRI-
recordings belonging to the same samples, thus suggesting similar absorp-
tivities and refractive index increments, respectively, for the several 
dissociation products and the monomeric A- and B-chains. The proportions of 
the various dissociation products were determined from the areas under the 
elution curves by drawing perpendiculars between the assumed peak-maxima 
to the basis. 
Fluorescence emission maxima were determined by coupling a Perkin Elmer 
model 204-A fluorescence spectrophotometer to the absorbance detector 
solvent-output. Exitation was done at 280 nm (bandwidth 5 nm) and the 
solvent delivery was stopped before spectra were recorded. 
Molecular weights were obtained by coupling a low-angle laser light 
scattering photometer (Chromatix: KMX-6, equipped with flow-through 
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accessory) between the column output and the DRI-detector and by processing 
the obtained elution patterns by a Hewlett Packard 3353 data system. We 
used the relative calibration method [4,26] with bovine chymotrypsinogen A, 
serum albumin (Boehringer) and poly(ethylene oxide) SE-70 (Toyo Soda) at 
each urea concentration to determine the calibration factor (molecular 
weight and dn/dc values: 25 900 and 0.170 ml/g, 68 000 and 0.165 ml/g, 
660 000 and 0.135 ml/g, respectively). Since the eluate concentrations 
were low, the second virial coefficients were neglected; a dn/dc value of 
0.170 ml/g found for native a-crystallin at 632.8 nm (Bindels and van Duijn, 
unpublished) was used throughout. 
Subunit compositions of the various dissociation products were determined 
by isoelectric focusing, using Pharmalyte 4-9 (Pharmacia), in the presence 
of 6 M urea of the ethanol-washed and air-dried precipitates obtained by 
the addition of trichloroacetic acid to the eluates [4,10]. The cylindrical 
gels (stained with Coomassie brilliant blue G, Gurr) were scanned at 590 nm; 
the areas under the scanning profiles were determined by a digital 
planimeter (Kontron: Digiplan). Stain ratios were converted into molar 
ratios as described earlier [18]. 
Reaggregation of urea-dissociated purified Аг - and B2-chains in different 
mixing ratios (0%, 17%, 33%, 50%, 67%, 83% and 100% Α-chains) was done from 
7 M urea solutions in 0.1 M tris-HCl pH 7.2 and protein concentration 
I mg/ml. The reaggregation was performed by dialysis for 48 hours against 
0.03 M tris-HCl at 6 С (the buffer was changed several times). The 
reaggregated samples were submitted to agarose isoelectric focusing using 
Ampholine 3.5-9.5 and agarose-IEF from LKB [16]. The purified subunits 
were obtained by DE-52 (Whatman) ion exchange chromatography in 7 M urea 
according to van Kleef et al. [11]. 
RESULTS AND DISCUSSION 
The state of assembly of bovine α-crystal lin in intermediate urea 
concentrations was investigated by high-pressure gel permeation 
chromatography (GPC). Figure 1 shows a selection of the elution patterns 
obtained, figure 2 presents the molecular weights of the observed components 
versus urea concentration and in table I the retention times and proportions 
for the several fractions are given. The fractions were chosen according to 
the elution profile shape considering the more or less resolved peaks. 
Weight average molecular weight values were calculated for each point of 
the elution profile by processing the differential refractive index 
detection pattern and the profile obtained by the low-angle laser light 
scattering device. Because of overlaps between the several peaks, it was 
not possible to calculate weight and number average molecular weights 
(M and Μ , respectively) for each peak. The molecular weight values given 
in fig. 2 and table I were obtained at the peaks or the central parts of 
the fractions; accuracies are near 10%. The relative calibration method, 
TABLE I. Stepwise diseociatwn of a-cryatallin in urea· retention time ranges, proportions, 
and classification of the components according to their molecular weight 
Urea I 11 III IV a & b 
concentration (M : 6.5-7.5-I05) (M : 4-5.5-105) (M : 2.5-3-I05) (M : г-ІО") 
2.6 M 19.0-21.5 min 21.5-28.5 min 28.5-42.0 min 
22% 72% 6% 
(M : 750 000) (M : 480 000) 
W Γ 
3.0 M 19.0-20.8 min 21.5-29.0 min 29.0-36.0-42.0 min 
17% 65% 12% + 6% 
(M : 750 000) (M . 350 000) (M : 25 000) 
3.4 M 19.0-20.8 min 20.8-22.5 min 22.5-27.5 min 27.5-35.5-41.0 min 
8% 12% 30% 12% + 6% 
(M : 750 000) (M : 500 000) (M : 280 000) (M : 20 000) 
3.6 M 19.0-20.8 min 20.8-23.0 min 23.0-27.5 min 27.5-35.5-41.0 min 
6% 17% 18% 39% + 20% 
(M : 680 000) (M : 450 000) (M : 270 000) (M : 26 000) 
3.8 M 19.0-20.8 min 20.8-26.0 min 26.0-34.0-41.0 min 
4% 16% 62% + 18% 
(M : 720 000) (M : 350 000) (M : 22 000) 
4.0 M 19.0-21.0 min 21.0-26.5 min 26.5-40.0 min 
5% 13% 82% 
(M : 670 000) (M : 420 000) (M : 24 000) 
W Γ Γ 
4.2 M 19.0-21.0 min 21.0-24.5 min 24.5-40.0 min 
• 5% 97. 86% 
(M : 450 000) (M : 300 000) (M : 20 000) 
W Γ Γ 
4.4 M 19.0-21.0 m m 21.0-25.0 min 25.0-40.0 min 
2% 8% 90% 
(M : 460 000) (M : 300 000) (M : 21 000) 
ι, и in ra 
J 
j J 
J 
—J 
J 
I 
/ \ ^ A 2 M 
^ Л , / \ 3 М 
\ \ 3 ¿ M 
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\ 2 6 M 
20 30 АО 
Retention time (mm 
FIG. 1 (Left). High-pressure gel permeation chromatography of 
a-crystallin on a TSK GEL G3000 SW type column at intermediate 
urea concentrations. The elution patterns obtained in 2.6, Э.0, 
3.4, 3.8 and 4.2 M urea (bottom to top) are given. Detection 
was done by 280 nm absorbance; differencial refractive index 
detection gave identical patterns. 
Mot weight 
00 000 
600 000 
¿00 000-
2 б 42 M urea 
FIG. 2 (above). Molecular weights of a-crystallin components 
as a function of urea concentration at room temperature. The 
components were classified according to table I; in the cases 
where only one molecular weight value for classes II and III 
components could be determined, this value is indicated as (o). 
TALBE II. Stepwise dissociation of Orcrystallin in urea: fluorescence emission maxima 
and Bubunit compositions 
Urea 
concentration 
2.6 M 
3.0 M 
3.4 M 
3.6 M 
3.8 M 
4.0 M 
4.2 M 
4.4 M 
I 
336 nm 
A/A+B :0. 
336 nm 
A/A+B :0, 
336 nm 
A/A+B :0, 
336 nm 
336 nm 
336 nm 
.75 
.85 
.64 
A/A+B 
II 
338 nm 
A/A+B : 
340 nm 
:0.72 ' 
A/A+B : 
A/A+B : 
340 nm 
340 nm 
— 
:0 
-
:U 
:0 
·· 
III 
A . . , 
Λ/Α+Β :0.71 
A . . . A/A+B :0.75 
341 nm 
.75 A/A+B :0, 
342 nm 
A/A+B :0. 
„. _ 
.71 
^f
 η 
.70 
342 nm 
A . /A+B :0.78 
342 ma 
A /A+B :0.71 
.73 
.68 
IVa 
-
347 nm 
A/A+B : 
-
A/A+B : 
346 nm 
A/A+B 
346 nm 
A/A+B 
'•
 A/A+B 
:0.45 
:0.69 
:0.70 
:0.69 
— 347 m 
··
 A/A+B 
t/.t 
IVb 
:0.73 
349 nm 
A/A+B : 
-
A/A+B ; 
349 nm 
A/A+B 
349 nm 
A/A+B 
:0.73 
"
 A/A+B :0.71 
— 350 ш 
•·
 A/A+B :0.72 
:0. 
i0. 
:0. 
:0. 
.58 
,80 
.80 
.85 
* Fluorescence excitation vas done at 280 пш (bandwidth 5 nm) 
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used to determine the calibration constant for molecular weight calculations 
[4,26], is preferred to the absolute one [7,14] because of its ease and 
since the effect of urea on the dn/dc value for the several a-crystallin 
dissociation products is hard to establish. If we assume a similar effect 
on the dn/dc values for the a-crystallin dissociation products and for the 
calibration substances, their refractive index increment ratio remains 
constant for each urea concentration which holds also true for their 
molecular weight ratios 
The several fractions in fig. I and taole I were classified 
according to their molecular weight, the molecular weight limits for the 
four classes were chosen in agreement with previous results on dissociation 
oy alkaline pH, low ionic strength or increased temperature [23]. Class I 
corresponds to the native and native-like three-layer molecules, the latter 
ones arise from the first ones by a transconformati on reaction involving 
expansion of the subumt packing. It should be mentioned that the material 
eluting in the first peak (the void volume fraction) is in fact a mixture 
of all aggregates which were totally excluded, the molecular weight value 
for this peak represents the M value. Since M values for native calf 
cortical a-crystallin are found near 8.5-105 [4,19], we suppose that the 
molecules eluting in the void volume at 2 6-4.0 M urea are somewhat smaller. 
Further, the decreasing tendency for these values going from 3.4 to 4.0 M 
urea suggests that the transconformation step here also involves some 
dissociation. We have investigated the possibility to fractionate the 
molecules eluting in the G3000 SW void volume by using a G4000 SW type 
column However, in spite of the larger fractionation range, no extra peaks 
were observed in the 8.5-6.5·105 dalton region. 
Classes II and III represent the main intermediate dissociation 
products. In the case of 3.4 and З.Ь M urea these products could be 
distinguished clearly. From the M values obtained for the void volume 
w 
fractions at 4.2 and 4.4 M urea it may be concluded that these fractions 
are composed of mainly class II aggregates. The fact that they elute in the 
void volume fraction suggests that their hydrodynamic radius increases as 
a function of urea concentration, probably caused by unfolding. Because 
class II and III dissociation products were proposed to be in rapid 
equilibrium [23,24], it is difficult to obtain separate peaks or even 
shoulders. This is also tne reason why we applied our samples to the column 
inmediately after mixing the concentrated a-crystallin and urea solutions, 
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the fine structure was usually lost after storage for 1 or 24 nours. For 
the 2.6, 3.0, 3.8 and 4.0 M urea elutions only one peak was found. However, 
based on its proportion (table I), we consider it to represent both classes 
II and H I a-crystallin dissociation products. 
Molecular weights near 20 000 indicate that the class IV dissociation 
products represent monomeric subumts. It is remarkable that tney elute in 
a very broad peak at relatively low urea concentrations, at higher 
concentrations this peak is sharpened and elutes earlier. We feel that this 
behavior must be attributed to formation of partly folded at low urea 
concentrations and more unfolded structures of the subumts at higher urea 
concentrations. This effect was also seen for serum albumin, used to obtain 
the calibration constants, e.g retention times of 33 and 25 m m at 2.6 and 
4.4 M urea, respectively, were found. Most elution profiles showed a 
shoulder in the trailing edge of the last peak; no appreciable differences 
in molecular weight were found between the two parts of t m s peak. 
Further information about the structure of the dissociation 
products was obtained by the determination of the wavelength of their 
fluorescence emission maximum and their subumt composition, the results 
are depicted in table II. The fluorescence data indicate that the fractions 
assigned as class I are identical to native o-crystallin with respect to 
their emission maximum at 336 nm [24]. The intermediate dissociation 
products (classes II and III) are characterized by emission maxima at 
338-340 and 340-342 nm, respectively. These values suggest an increased 
solvent exposure of some tryptophan residues [27] relative to the three-
layer molecules. The monomeric subumts were found to have emission maxima 
between 346 and 350 nm, for comparison, the values for 0.1 mg/ml a-crys-
tallin in solutions exceeding 4.0 M urea or 2.5 M guamdine-HCl were 347 
and 348 nm, respectively [section 2.2, 24] 
Most fractions had similar subumt compositions as native a-crys-
tallin has with respect to their Α-chain proportion and amount of deamidated 
and/or degraded subumts. Small variations in the Α-chain proportions, given 
in table II, were not considered to be significant since we obtained for 
native a-crystallin a value of 0.72±0.06 (S D.,n=5). Clear differences 
relative to the native protein were found for the void volume fractions of 
the 3.0 and 3.4 M urea elutions, the main monomeric fraction (IVa) of the 
3.0 M urea elutions and all shoulder fractions from the last eluting peak 
(IVb) in the elutions between 3.0 and 3.8 M urea. 
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Before high-pressure GPC and low-angle laser light scattering 
became available to us, we isolated the urea dissociation products after 
Sephacryl-S200 GPC in 3.8 M urea [2] The elution pattern, thus obtained, 
resembles the ones shown in fig. 1 for 3.4 and 3 8 M urea and the per­
centage of Α-chains for fractions I-1V η comparable with those for 3.0 
and 3 4 M urea in this study However, the hypothesis that the subumts 
are loosened separately and as monomers so that the polypeptide chains 
eluting in the four peaks could be attributed to four different locations 
in the native o-crystallin aggregates, needs revision in the light of the 
present results. 
The observation that at 2 6 M urea the majority of the native 
molecules have been subjected to the primary dissociation reaction leading 
to relatively stable two-layer aggregates without generating an appreciable 
amount of monomenc subumts, argues against the aforementioned nypothesis, 
it is in accordance with the dissociation at higher temperature and alkaline 
pH [23] and the extensive equilibrium studies on the urea and guamdine-HCl 
dissociation reported in section 2.2 [24] It is an open question whether 
only the third-layer-subumts are removed which subsequently reassemble to 
new two-layer aggregates or whether all the a-crystallin subumts reassemble 
to two-layer molecules. In the first case, there would be two kinds of 
two-layer aggregates old ones, rich in A-chains, and new ones with 
relatively more B-chains since surface probing studies demonstrated a 
preferential exposed location for the B-chains [3,20] The high amount of 
B-chains found in the monomenc peak at 3.0 M urea would suggest that new 
two-layer molecules were dissociated at that concentration. In that case, 
however, the resulting intermediate aggregates should be significantly 
enriched in Α-chains and not the native-like three-layer aggregates as was 
found experimentally Another difficulty to find a clear mechanism which 
accounts for all established data is the significant difference in subumt 
composition between the void volume fractions at 3.0 and 3 4 M urea 
Some observations on the (re)assembly behavior of α-crystallin may 
be of interest. Biosynthetical studies by Asselbergs et al [1] showed 
that α-crystallin assembly in Xenopus oocytes is triggered by A-chains 
which subsequently are joined by B-type subumts Although all conceivable 
mixing ratios of urea-denaturated A- and B-chains yield two-layer aggregates 
after reassembly [9], Manski and Malinowski [13] found that Α-chain propor­
tions below 50% resulted in aggregates imunological different from native 
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α-crystallin (the quaternary structure determinant was lacking). We have 
also indications that aggregation of a-crystallin subunits with A-chain 
proportions below 50% yields different reassembly products on the basis of 
their isoelectric points. Figure 3 shows a typical agarose isoelectric 
focusing gel where a-crystallin reaggregates with various A/(A+B)-chain 
ratios were analyzed. Isoelectric points near 5.0 were found for the 
samples with subunit ratios of 0.5 or higher; below that ratio clearly 
different quaternary structures are formed. If there was no preference for 
the acidic residues in a-crystallin to be surface exposed which results in 
isoelectric points even lower than those for the most acidic subunits, one 
would expect a linear change in isoelectric point for the reaggregates 
analyzed in fig. 3. The apparent contradiction of preferentially solvent-
exposed acidic residues and the preferred location of the basic B-chains 
in the exterior layers of the a-crystallin molecules has been dealt with 
in the preceding section [3]. These reassociation results suggest that in 
some cases where temporarily more B-chains than Α-chains have been 
dissociated from three-layer aggregates, complications may occur. These 
subunits may reassemble to products clearly different from the normal two-
layer aggregates or perhaps, they are unable to reassemble under these 
conditions due to their low Α-chain proportion. Such complications may have 
О 0.17 0.33 0.50 0.67 0.83 ! 
FIG. 3. Agarose isoelectric focusing (pH 3.5-9.5, top to bottom) of 
a-crystallin reaggregates obtained by reaggregating urea-dissociated 
polypeptides in different mixing ratios. A/(A+B)-Ratios from left to 
right: 0 (pure Вг-сЬаіпз), 0.17, 0.33, 0.50, 0.67, 0.83 and I (pure 
A2-chains). 
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occurred in our 3.0 M urea elution, to some extent in the 3.4 H urea 
dissociation and in the earlier reported 3.8 M urea experiments [2]. It 
should be emphasized that sample concentrations of 50 mg/ml were used in 
the low-pressure Sephacryl-S200 GPC study in 3.8 M urea while the samples 
in the present investigation amounted to 10 mg/ml of protein and that the 
dissociation in urea was found to increase by lowering the protein 
concentration [section 2.1, Z] 
The significant differences in the Α-chain proportions in the first 
part and the trailing edge of the monomer peak (classes IVa and IVb, 
respectively) may be attributed to differing degrees of unfolding for the 
A- and B-chains in intermediate urea concentrations. A less unfolded 
structure for the Α-chains compared to the B-chains resulting in a smaller 
Stokes radius for the former may also account for the differing mobilities 
of these polypeptides on SDS electrophoresis where the B-chains are retarded 
anomalously [15]. The fluorescence data given in table II are incapable to 
support this assumption. We have also investigated the fluorescence 
emission spectra of purified Az-subumt reaggregates and B2-subunit 
reaggregates as a function of urea concentration, but we found no clear 
differences between the results obtained for both aggregates However, 
based on these fluorescence data only, it is not permitted to rule out the 
possibility of different unfolded structures for the monomeric A- and B-
chains at intermediate urea concentrations. Circular dichroism studies 
(both in the far-ultraviolet and in the near-ultraviolet ranges) and/or 
quasi-elastic light scattering of the column eluates are needed to solve 
this problem. 
A final observation to be considered is that two-layer aggregates 
made by reaggregation of б M urea-dissociated α-crystal lin revealed nearly 
identical elution patterns by Sephacryl-S200 GPC in 3 8 M urea. This is 
of course in disagreement with our previous attempt to explain the partial 
dissociation results in 3.8 M urea However, it matches nicely with our 
present approach especially if one assumes that the primary dissociation 
step for native three-layer molecules to two-layer ones involves rearrange­
ment of all subumts which makes them identical to the б M urea-reaggregates. 
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CONCLUSIONS 
High-pressure gel permeation chromatography (GPC) in the presence 
of intermediate urea concentrations with low-angle laser light scattering 
detection turned out to be an excellent technique to investigate the step-
wise dissociation of the multimene eye lens protein a-crystallin. Advances 
compared to sedimentation analyses are the increased resolving power, the 
possibilities for detection modes additional to that of protein 
concentration and the semi-preparative applications. In comparison with 
low-pressure GPC, the high-pressure mode is favorable because of the 
short analysis times and the improved resolution and sensitivity. 
The quaternary structure change (dissociation) of a-crystallin as 
a function of increasing urea concentration investigated with this new 
technique, clearly resembles dissociation by increasing alkaline pH and 
urea and guamdine-HCl concentrations when studied by sedimentation velocity 
analysis. In addition to the primary dissociation step product (two-layer 
molecules, M between 4-105 and 5.5·105), the second dissociation step 
products were characterized. With molecular weights between 2.5·105 and 
3-105, they are proposed to have a one-layer structure. Going from 2.6 to 
4.4 M urea, we found a continuous decrease in the remaining three-layer 
molecules and the intermediate dissociation products (two- and one-layer 
aggregates) and an increase in the amount of monomeric subumts. The 
fluorescence emission maxima of these molecules showed increasing solvent 
exposure of the tryptophan residues going from three-layer aggregates to 
monomeric subumts The subumt compositions for most fractions were not 
significantly different compared to native a-crystallin. Considerations 
have been presented which may account for the differing A-/B-chain ratios 
found for some fractions The interpretation of the earlier results on 
Sephacryl-S200 GPC in 3 8 M urea appeared to be an oversimplification. 
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Structural Aspects of Bovine ß-Crystallins : Physical 
Characterization Including Dissociation-Association 
Behavior 
J A C Q U E S О B I N D E L S , A D R I K O P P E R S AND H E R M A N J H O E N D E R S 
Department of Biochemistry, University of Nijmegen, Nijmegen. The Netherlands 
(Received S October 1980 and accepted 12 February 1981. New іЪтк) 
Bovine (orticai lena extracts were fractionated on Bio (iel A-ñm or Sephaml S 200 and revealed 
three and four size clauses for the ^-crystallins respectively The greatest aggregates ßH turned 
out to be subject to reversible concentration-dej>endenl dissociation into smaller aggregates It 
was inferred that the association-dissociation equilibrium is mainly affected by hydrophillc 
intera* tions 
On Sephacryl S-2(K> a β crystallin size сіаяя with mol wt 71 (KM) determined at sedimentation 
equilibrium was isolated Moreover, a /?L-crystallin fraction (mol wt 48000) and ^5-crystallin 
(mol wt 28500) could be isolated 
The polypeptide compositions of all /?-crystallin aggregates have been determined by sodium 
dodecylsulfate (SDK) gel electrophoresis and isoelectric focusing in urea On RDS gels ^ -crystallin 
revealed a molecular weight of 22000 contrasting sharph with the value determined at 
sedimentation equilibrium 
Key ігоггіч lens proteins, ^-crystallin isoelectric focusing, concentration dependence, 
aggregailon-dissm-iation, sedimentation analysis 
1. Introduction 
On size fractionation by gel chromatography of bovine lens extract, mostly two size 
classes of ^-crystallin are found РНІЦІІ) ап^ ßuow)- The molecular weights calculated 
from the relative mobilities on calibrated gel chromatography columns vary from 
150000 to 210000 for /?„ and from 42000 to 52000 for ßL (Ziegler and Sidbury, 1973; 
Jedziniak, Baram and Chylack, 1978; Asselbergs, Koopmans, van Venrooy and 
Bloemendal, 1979, Chiou, Azan, Himmel and Squire, 1979) So far no direct molecular 
weight determination for ßH has been reported while the value for ßL was confirmed 
by sedimentation analysis (Li, 1978). The aggregates are all composed of polypeptides 
with molecular weights between 22000 and 32000 (Zigler and Sidbury, 1973 ; Herbrink 
and Bloemendal, 1974), suggesting a dimenc structure for ß^ and an oligomenc one 
for ßH Another fraction, also to be considered as a /J-crystallin because of its 
acetylated N-terminal amino acid, is ßsimaii) which has an amino acid composition 
similar to that of the other /î-polypeptides The molecular weight of ßs has been 
determined by van Dam (1966) to be 28400 'from ammo acid composition and by 
sedimentation analysis) but on SDS gel electrophoresis 22 000 was found by Bloemendal 
and Zweers (1976). 
In this paper we present evidence that ßH aggregates are in equilibrium with smaller 
aggregates, viz dimers and tnmers or tetramera of the /?-crystallin polypeptide chains. 
Factors which affect the equilibrium state are protein concentration, ionic strength, 
temperature and medium density (Asselbergs et al , 1979, Li 1978, 1979). A size class 
Part of this work was presented at the 4th International Congress for Eve Research. New York 3 
October 1980 
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between ßH and ßL. designated as /?Ll by Asselbergs et al (1979) or ÇPL (this work), 
was found to have a molecular weight of 71000 by sedimentation analysis Further-
more. we were able to isolate ßs by a one-step gel chromatography procedure on 
Sephacryl S-200 and we observed a discrepancy in the molecular weights determined 
by sedimentation analysis (28500) and SOS gel electrophoresis (22000) 
2. Materials and Methods 
Fresh calf lenses »ere decapsulated and the «ater-soluble proteins of the most outer part 
of the cortex were extracted by gently swirling for 20 mm in 1-5 volumes of buffer The 
remaining parts of the lenses »ere removed and the supernatant, obtained after centrifugation 
at 10000/ for 20 mm »as the outer cortical lens extract, it was stored at —280C The lens 
parts removed were stirred for 30 mm in 2 volumes of buffer and the inner cortical lens extract 
was obtained in a similar »ay after removing the nuclei and cell debris All isolation 
procedures were performed at 40C and the buffer used was 20 mM-Tns-HCl. 80 mM-Na('l, 
1 mM-EDTA. 0-5 пім phenylmeth\lsulphon\lfluoride. pH 7-3 and ionic strength 0 1. 
Size fractionation of the cortical lens extracts »a« carried out on a Bio-Gel A-5m column 
(Bio Rad, 100-200 mesh 2 6 x 100 cm. 0-42 ml/mm, 44') Fractions »ith a volume of 40 ml 
were collected, selected fractions were pooled and stored at — 28<>(' Sephacryl S-200 superfine 
(Pharmacia) gel chromatography was performed at 20oC »ith a constant flow rate of 
0-17 ml/mm on a 100χ 20 cm column and fractions of 20 ml were collected Only for gel 
electrophoresis and amino acid analysis a part of the material was desalted by dialysis and 
lyophilized 
Sedimentation analyses were performed in a Beekman Spinco model E analytical ultra-
centrifuge equipped with electronic speed control Sedimentation coefficients were determined 
near 20eC, using u ν optics at protein concentrations below 1 mg/ml and Schlieren optics 
for higher concentrations, and corrected for viscosity and density to 20eC («м,,) Correction 
for the density and viscosity of the solute to water («,,_„) for the buffer used may be 
accomplished by multiplication of the s,0 , value with a factor I 03 Weight-average molecular 
weights were determined by conventional sedimentation equilibrium using u ν optics at 
280 nm (Chervenka, 1969) A value of 0-72 ml/g was used for the partial specific volume of 
the ^-crystalline. Protein solutions were concentrated with an Amicon Minicon B15 concen­
trator We used an average absorption coefficient A]°
c
°
m
 at 280 nm of 23 (van Kamp and 
Hoenders, 1973) to determine the /?-crystallin concentration. 
Isoelectric focusing in θ M-urea was performed according to van Kleefand Hoenders (1973) 
using 5 % Polyacrylamide gels and LKB pH 5-8 ampholytes SDS gel electrophoresis was done 
in 14% slab gels according to Laemmli (1970) N-terminal amino acid determination was 
canned out using the dansyl-chlonde method (Gray, 1972), dansyl ammo acids were analyzed 
by two-dimensional polyamide thin-layer chromatography (Woods and Wang, 1967). Ammo 
acid analysis was conducted on a Rank-Hilger Chromaspek automatic amino acid analyzer 
Protein was hydrolyzed under vacuum at 1 ΙΟ'Ό for 22 hr 
3. Resulte 
•Size fractiotiation and physical characterization of ß-crystallins 
Figures 1 and 2 illustrate the elution patterns of cortical calf lens extracts on Bio-Gel 
A-5m and Sephacryl S-200 gel chromatography. The /7-crystallins are eluted on the 
Bio-Gel A-5m column between fractions 98 and 140, and the two main peaks are 
usually designated as ßH and ßL In the elution pattern of outer cortical extract 
(Fig. 1 ) an additional poorly resolved peak is seen between ßH and ßL which obviously 
corresponds to the ßLi fraction found by Asselbergs et al. (1979). 
Although the separation between ßH and ßL by means of Bio-Gel A-5m chromato-
graphy is less good than that by Sephadex G-200 (Herbrink and Bloemendal, 1974) 
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cortical β ст\ stallin aggregate·1« selected for further anahsis 
or L'ltrogel AcA 34 (Bloemendal and Zweers, 1976), it appeared sufficient to further 
characterize the peak fractionh as well as leading- and tailing-edge fractions Moreover, 
it enabled us to detect the association-dissociation behavior of β
Η 
Sephacrvl S-200 chromatographj reveals a much better resolution especially in the 
ßL region (Fig 2). a-Crystallin was eluted in the void volume with some overlap with 
the/7H peak In the light of our results, a modification in the/?-crystallin nomenclature 
seems to be useful and we have, therefore, introduced /?]_ and /?£ in which the numerical 
index indicates the number of subunits These proteins were satisfactorily separated 
and after/?¿ three peaks could still be eluted. The last peak (near fraction 95) contained 
low molecular weight non-protein material whereas the peak near fraction 87 
represented the y-crystallins As will be shown below, the protein eluting in a 
well-resolved peak between fractions 70 and 80 is /?s-crystallin Essentially the same 
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elution pattern has been presented by Jedziniak, Baram and Chylack (1978); these 
authors used a buffer containing 3 mM-/?-mercaptoethanol. 
In Table I the results of the sedimentation analyses of the several /?-cryetallin 
fractions are given. Most striking was the phenomenon that the ßH peak fraction 
contained two components. In addition to the fast-migrating aggregates with β-values 
TABLE I 
Sedimentation analysts of bovine ft-crystalline* 
Fraction 
β
Η
 (leading edge) 
β Η (peak fraction) 
ßti (tailing edge) 
ßl (peak fraction) 
ßl (peak fraction) 
ßl (tailing edge) 
ßl (peak fraction) 
ßl (peak fraction) 
β s (peak fraction) 
102-104 
105-107 
113-115 
120-122 
125-127 
135-137 
53-57 
80-64 
73-77 
Method 
A 5m 
A 5m 
A 5m 
A 5m 
A-5m 
A-5m 
S-200 
S-200 
S-200 
•».(S) 
8 3 ± 0 2 t 
f 7 3 + 0-2 
1 4 2 + 0 2 
54+0-1 
4 6 ± σ 2 
3 7 ± 0 2 
35 + 02 
46±0-2 
3 β ± 0 1 
2·0±(Η 
Mol wt 
nd 
160 000 + 20 000t 
n.d. 
71000 + 5000 
48000 + 4000 
n.d 
nd 
+6000 + 4000 
28500 ±2000 
* Sedimentation coefficients and molecular weights were determined at protein concentrations 
between 0-2 and 0-4 mg/ml Regression analysis was lined to calculate the values, the errors given 
correspond to s 0 obtained from the regression analyses 
t Some slower sedimenting matena) could also be seen 
X Estimated value from gel chromatography 
near 8 S, usually found for ftH (Liem-The and Hoenders, 1974, Bloemendal, Zweers, 
Benedetti and Walters, 1975, Chiou et al., 1979), slower components, sedimenting like 
ftL, could aleo be seen in approximately equal amounts Heterogeneity is size may be 
expected especially for β
Η
 aggregates, because of their great number of different 
polypeptide chains. Electron micrographs show entities with irregular shape and 
dimensions ranging from 5 to 15 nm (Bloemendal et al., 1975) which is in accordance 
with the sedimentation coefficients given in Table I Sedimentation analyses of the 
fti aggregates revealed an «value of 4 6 S and a molecular weight of 71000 The latter 
value is in agreement with the calculations made by Jedziniak, Barum and Chylack 
(1978) and by Asselbergs et al (1979) from the relative elution volume on gel 
chromatography, viz. 73300 and 62000, respectively The pi aggregates were found 
to have «-values near 3-6 S, the molecular weights of 48000 and 46000±4000 are in 
fair agreement with the results obtained by Li (1978) with the same technique, namely 
55000 + 5000 The molecular weight obtained by equilibrium sedimentation for ft
s 
(28500 ±2000) agrees very well with the value obtained by van Dam (1966), viz. 
28000 ± 1000 by means of the approach to-equilibrium method; moreover, it is in good 
agreement with the estimated value of 30000 found by Jedziniak, Baram and Chylack 
(1978) for their fraction 5 
Because of the presence of slower sedimenting components in the ftH fraction, seen 
in the sedimentation velocity experiments, it was not possible to determine a 
molecular weight by sedimentation equilibrium. A molecular weight of 160000 ± 20000 
could be estimated from the position on the Bio-Gel A-5m column. The positions where 
HM-, α-, fä-, ffy- and y-crystallin elute were used for calibration: void volume [V0), 
mol. wts 840000 (Siezen and Berger, 1978), 71000 and 48000 and V, (volume outside 
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and inside the grains in the gel); the distribution coefficient was plotted vs. log (mol. 
wt). The estimated molecular weight (160000 ± 20000) is in agreement with the values 
ranging from 150000 to 210000 obtained by other authors applying this method (Zigler 
and Sidbury, 1973 ; Jedziniak, Baram and Chylack, 1978 ; Asselbergset al., 1979; Chiou 
et al., 1979). 
Dissociation-association of ßH aggregates 
Дн Aggregates, isolated on Bio-Gel A-5m, are subject to concentration-dependent 
association-dissociation reactions, as can be concluded from Fig. 3. The peak fraction 
of/?H from inner cortical calf lens extract (see Fig. 1) had a protein concentration of 
1 mg/ml; the other concentrations were obtained by means of concentration or 
dilution. The inset of Fig. 3 shows selected sedimentation patterns; in the case of 15 
S 2 0 S 
Protein concentration (mg/ml) 
Fio. 3. Sedimentation analysis oi ßH aggregates (peak-fraction on Bio-Gel A 5m) at various protein 
concentrations- Inset ; Schlieren sedimentation patterns after 8 and 48 min at 68000 rev/min and 22*4.' 
with protein concentrations 15. 4 and 1 mg/ml (top to bottom). 
and 4 mg/ml three and at 1 mg/ml and lower concentrations two peaks can be 
detected. The relative amounts of the sedimenting components, estimated from the 
sedimentation patterns, show that there is a tendency for aggregation upon 
concentration. The percentage proportions of fast, intermediately and slowly migrating 
components are approximately 60/20/20 at 15 mg/ml and 40/20/40 at 4 mg/ml, while 
at 1 mg/ml 4 0 % sediments quickly and 6 0 % slowly. Although these percentages are 
rough estimations, it is clear that part of the material, sedimenting quickly at 
15 mg/ml, sediments slowly at 1 mg/ml, whereas the quantities of the middle peak 
suggest an intermediate state in the aggregation-dissociation process. The «-values 
for the fastest migrating components are between 7 and 9 S, and going down in 
concentration from 15 mg/ml to 0 2 mg/ml an increasing and a decreasing tendency 
can be observed; the former is usually found for the concentration dependence of 
e-values for proteins while the latter indicates that one is dealing with an interacting 
system (Schachmann, 1959). The «-value of the slowest sedimenting component lies 
between 4 2 and 3 6 S, which suggests the same size as that of ßL. 
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It has to be stressed that in this study no corrections for the Johnston-Ogston effect, 
necessary in the analysis of multi-component systems (Schachmann, 1959) could be 
made. Therefore, it is speculative to attribute the intermediate component, present 
at higher concentrations, to J^_ or perhaps tetrameric /?-crystallin aggregates. Never-
theless. it is clear that some /î-crystallin aggregates which are eluted in the ßH fraction 
have a low «value, near that of ßL, and become aggregated upon concentration to 
molecules with higher «-values, near that οίßH. The results presented in this paper, 
combined with the observations of Li (1979), allow the conclusion that these 
dissociation-association reactions οί ßH are reversible. 
Polypeptide chain composition of ß-crystallins 
The various Д-crystallins, isolated on Bio-Gel A-5m and Sephacryl S-200 and 
physically characterized before, were subjected to SDS Polyacrylamide gel electro­
phoresis and isoelectric focusing in the presence of 6 M-urea in order to get information 
about the polypeptide compositions of the aggregates studied in this paper and to 
compare them with other studies (Asselbergs et al., 1979; Bloemendal and Zweers, 
1976; Herbrink and Bloemendal, 1974; Vermorken, Herbrink and Bloemendal, 1977; 
Zigler, 1978). 
The polypeptide chains were assigned according to Herbrink, van Westreenen and 
Bloemendal (1975). The principal polypeptide chain, present in all /?-crystallin 
aggregates, is the ßV>v chain with a mobility corresponding to a molecular weight near 
24500 [Fig. 4 (a), (b)]. Other polypeptide chains are the subunits which migrate near 
22500 (ßk, /SN), 23000 (^N) and 26000 (^Bt, ßbt_b, ßBt). Additionally, the ßH 
aggregates contain a 31000 (flBth) and a 30000 (ДВ,
Ь
) chain, the latter of which is 
thought to be a degradation product of the former (Vermorken et al., 1977; Zigler, 
1978). The molecular weights given for the polypeptides are somewhat lower than 
those usually found on 1 5 % acrylamide gels. Herbrink and Bloemendal (1974) 
M,, to 
b 
m.j» - ^ 2 6 ШШ *··«** g u g | 
- Аи - #! Ц - aß, β, ßl ßs γ 
Fio. 4. SDS Polyacrylamide gel electrophoresis of: (a) /?-crystallins from outer cortical lene extract 
isolated by Bio-Gel A-5m chromatography. From left to right: ßH leading edge (fr 102-104), ßH peak 
fraction (fr 106-107), fiH tailing edge (fr 113-115), Д_ peak fraction (fr 120-122), fl, peak fraction (fr 
125-127), fll tailing edge (fr 135-137); (b) crystallina from inner cortical lens extract isolated by 
Sephacryl S-200 chromatography. From left to right the peak fractions of a-crystallin (fr 35-39), ßH (fr 
41-45), ßl (fr 53-57), Д. (fr «MM). ßs (fr 73-77) and y-crystallin (fr 85-87); the last peak was not 
analysed. 
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observed lower molecular weights on 10 % g 6 · 8 " i d the value for/?Bp, found to be 24500 
instead of 26000 on 15% gels, is in better agreement with the molecular weight out 
of the primary structure, viz. 23200 (Driessen, Herbrink, Bloemendal and de Jong, 
1980). Faint bands with molecular weights over 40000 are visible above the 
/?-crystallin chains; they must be attributed to the water-soluble cytoskeletal proteins 
which are eluted in the same fractions as the /ff-crystallins upon gel chromatography 
(Kibbelaar and Bloemendal, 1979). 
There have been speculations, correlating the differences observed in the polypeptide 
chain compositions of/?H and ßL aggregates to aging and developmental phenomena. 
Knowledge of the primary structure is. of course, a pre-requisite for the solution of 
such problems, but discussion of some observations may already be of interest. A 32000 
mol. wt polypeptide chain can be observed in two ßH fractions isolated from the outer 
cortical lens extract on Bio-Gel A-5m chromatography. It may very well be identical 
with the HI polypeptide according to Zigler (1978) because the H2 and H3 chains 
correspond with the 31 000 (/?Bla) and 30000 (ßBib) subunits described by Vermorken 
et al. (1977); this might have consequences for their assumption of the involvement 
of the /?B|a and / ÎB l b subunits in the ßH aggregation process in the lens. On SDS 
electrophoresis it appears that the /?£ and /?^ aggregates have similar subunit 
compositions [Fig. 4 (a). (b)|. Isolectric focusing on the other hand revealed a pattern 
for ßl resembling more that of/?H than that of β\ [Fig. S (a)]. It is clear that the β^. 
contrary to the β^ aggregates, contain the acidic β A polypeptide chains which are also 
found in β
Η
. The β A region is marked on isoelectric focusing but on SDS gels these 
polypeptides co-migrate with the /fN chains. 
The identity of the several bands observed on isoelectric focusing was established 
by identification of the position where the βΒ
ρ
 subunits focus [Fig. 5 (b)] and by-
comparison with the patterns obtained with alkaline urea Polyacrylamide gel electro­
phoresis (Herbrink et al., 1975; Vermorken et al., 1977). Besides/?Bp a minor amount 
of/?B4 can be seen in Fig. 5 (b) on focusing purified /?Bp subunits. The /ÎB, subunit 
is closely related to the /?Bp chain and is probably a deamidation product of the latter 
one (Herbrink et al.. 1975). This would explain the surprisingly low amounts of/?Bp 
α β
Η
 βί pi β,'f ßifr^ ъ 
FIG 5. Isoelectric focusing in the presence of 6 M-urea. pH 5-8 (top to bottom) of: (a) crystallina from 
inner cortical lens extract isolated by Sephacryl S-200 chromatography Fractions correspond to those 
in Fig. 4(b): (b)yîî, crystallin. a mixture of ДІ and purified ^Bp subunits and isolated/ÍBp subunits (from 
left to right). 
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especially in the case of ßH and the relatively high amounts of /Ж^ found in our gels 
The identity of /Ш, (found onh in ßH) and /?A is obvious We feel that the band which 
focuses verv close to ßBp must be ^ B 2 the lower mobilitj of this polypeptide chain 
relative to /ÍBp on alkaline urea gels must be caused by molecular sieving effects 
considering the higher molecular weight of /?В
г
 The ДВ
г s
 and ДВ5 bands cannot be 
distinguished clearl\ the former focuses most probably between ßBt and ^B 4 the 
latter ver\ close to or perhaps at the same place as /?B4 The ^N polypeptides are less 
extensnely characterized and must focus somewhere between βλ and ßht 
ßs Crystallin isolated on Sephaciyl S 200, shows one principal band with a 22000 
mol wt mobility on SDS electrophoresis [Fig 4 (b)] no free N terminal amino acid 
was found applying the dans) I method This molecular weight is considerably less than 
that of 28500 found by sedimentation equilibrium the latter value is in accordance 
with the findings of van Dam (1966) Jedzimak Baram and Chylack (1978) and the 
SDS electrophoretic result by Kabasawa Tsunematsu Barber and Kinoshita (1977) 
However Bloemendal and Zweers (1976) find a mobility of 22000 for calf/?s on SDS 
electrophoresis Amino acid analysis revealed that our ßs fraction is identical with the 
ßs fraction mitialK analyzed by van Dam (1966) 
4. Discussion 
It could be shown that ßH aggregates are subject to reversible concentration 
dependent dissociation Bio Gel A 5m chromatography, although not optimal for 
β crystallin resolution enabled us to study the aggregation-dissociation behavior of 
β crystallin aggregates initiallv eluting as β
Η
 Lyophilization of β
Η
 or total lens 
protein extract causes irreversible conformational transitions in the β
Η
 molecules 
which prevent the aggregation-dissociation reaction to occur this may be the reason 
whj other investigators did not detect this reaction 
Sephacryl S 200 chromatography is very useful because it combines high resolution 
with α relatively high flow rate It was stressed by Morgan and Ramsden (1978) that 
this material does not fractionate on size only but can also be influenced by charge 
effects However for lens crystalline no charge effects seem to be involved since the 
molecular weights determined at sedimentation equilibrium are in good agreement 
with those determined by Jedzimak Baram and Chylack (1978) from the relative 
mobilities on a calibrated Sephacryl S 200 column 
The estimated molecular weight for β
Η
 (160000±20000) by means of gel chroma­
tography seems to indicate that most of the aggregates are composed of six or seven 
subunits However it has been observed by electron microscopy that β
Η
 consists of 
entities with irregular shape (Bloemendal et al 1975) This may cause anomalous 
chromatographic behavior and lead to an even greater uncertainty in molecular weight 
than ±20000 
Li has recently reported (1978, 1979) that increasing concentrations of sucrose (up 
to 34 % w/v) higher temperature (up to 40oC), lowering the crystallin concentration 
and carboxymethylation of sulfhydryl groups result in the complete disappearance 
of β
Η
 in favor of ßL aggregates Therefore the question of whether ßH aggregates are 
present in the lens is a very real one Factors which determine the association-
dissociation equilibrium are (1) protein concentration, (2) temperature, (3) medium 
density (sucrose concentration) and (4) ionic strength 
The protein concentration in the lens is very high (β crystalline 100-200 mg/ml, 
van Kamp and Hoenders 1973) and under these conditions the association-dissociation 
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equilibnum must be stronglj in favor of ßH aggregates, as can be concluded from the 
present work as well as from Li's data (1Θ7Θ) 
The temperature effect on the quaternary structure of ^-crystalline would suggest 
that mainly hydrophilic interactions are involved in the (de-)etabilization of ßH 
aggregates It is, however, doubtful whether temperature effects observed in vitro 
apply to the in vivo situation Not only the aggregation state of/î-crystalhns changes 
in vitro upon increase of temperature but also that of a-crystallin (Bindeis, Siezen and 
Hoenders, 1978) The temperature effect of α crystallin was found to be irreversible 
and it is still unclear whether its quaternary structure is the З ЧЗ structure, the 20oC 
structure or perhaps neither of them 
The presence of sucrose would support both hydrophobic interactions by its effect 
on the structure of water and electrostatic interactions by lowering the dielectric 
constant (Li, 1979) The influence of electrostatic interactions, however, may have 
been over-estimated since Back, Oakenfull and Smith (1979) found that any elctrostatic 
contribution to the stabilizing effect of sucrose could only be minimal It has to be 
concluded, therefore, that the effects of temperature and sucrose on the β crystallin 
structure will be quite analogous and that predominantly hydrophilic interactions are 
involved in the (de (stabilization of the ßH aggregates 
Ionic strength effects on the β crystallin structure confirm the conclusion that the 
association-dissociation equilibrium is mainly affected by hydrophilic interactions 
Gel chromatography of lens extract at low ionic strength (I = 0-02) revealed nearly 
exclusively β
Η
 aggregates in the β crystallin region (Bindels and Hoenders, unpub 
hshed) Moreover, Asselbergs et al (1979) showed that high salt concentration 
(1 M-NaCl) and/or increase in temperature from 6 to 2WÇ, shifts the equilibrium in 
favor of ßL aggregates 
Thus, high protein concentration favors the ßH state while high medium density 
and temperature seem to shift the equilibrium in the opposite direction It is 
impossible to judge which effect will predominate Only noninvasive methods such as 
quasi-elastic light scattering in intact lenses may give an ultimate answer So far, 
however, the resolving power of this method, used by Jedzmiak, Nicoli, Baram and 
Benedek (1978), was not sufficient to discriminate between the different crystallin size 
classes, only the presence of the high molecular weight aggregates could be 
demonstrated 
The presence of the tnment β\ in vivo is another open question This possible 
intermediate between β
Η
 and /T^  is stable and its molecular weight could be determined 
by sedimentation equilibrium contrary to that of β
Η
 Room temperature and pH 
betv een 7 2 and 7 4 is most adequate for the isolation of fiPL (Asselbergs et al , 1979) 
the fact that Li (1979) did not detect this β crystallin size class on Sepharose 6B-CL 
at 25eC may be ascribed to the more alkaline pH of his elution buffer Furthermore, 
the presence of the./?A subunits is remarkable and it would be useful to analyse which 
subunits are actually attached to each other in this relatively simple system 
The identity of /?д has been subject to discussions (Harding and Dilley, 1976, 
Kabasawa, Kinoshita and Barber, 1974) In a more recent paper Kabasawa et al 
(1978) compared their cattle γ crystallin with ßs crystallin isolated from the same lens 
parts The amino acid composition of this γ-crystallin resembled the /i
s
 amino acid 
composition according to van Dam (1966) slightly more than their ^
s
 did SDS 
electrophoresis revealed a molecular weight of 28000 for/?
s
 crystallin and one of 24000 
for cattle y-crystallin which might suggest that the fraction designated ßs in this study 
and that of Bloemendal and Zweers (1976) could be cattle γ crystallin However, our 
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molecular weight d e t e r m i n e d at s e d i m e n t a t i o n equi l ibr ium (28500) is in excel lent 
a g r e e m e n t with \ a n D a m ь d a t a a n d we could not d e t e c t a n unblocked N t e r m i n a l 
a m i n o acid T h i s led us t o t h e conclusion t h a t we are defmite l j dea l ing w i t h 
//
s
 c n s t a l l i n Its a n o m a l o u s b e h a v i o r on S D S e lec t rophores i s needs fur ther 
inves t iga t ion 
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3.2 HIGH-PERFORMANCE GEL PERMEATION CHROMATOGRAPHY OF 
BOVINE EYE LENS PROTEINS IN COMBINATION WITH 
LOW-ANGLE LASER LIGHT SCATTERING 
Superior resolution of the oligomer!с B-crystallins 
Bindels, Jacques G., de Han Ben M. and Hoenders, Herman J. 
INTRODUCTION 
Aqueous chromatography based on gel f i l t r a t i o n has become popular 
since the introduction of cross-linked dextran supports in 1959 [41] where 
fractionation depends primarily on differences in molecular size. Björk 
was the f i rst who reported gel f i l t rat ion of eye lens proteins applied to 
y- and S-crystallin [7,8] . Agarose-based matrices allowing fractionation 
of proteins with molecular weight up to several millions, enabled Specter 
et a l . [49] to characterize distinct macromolecular a-crystallin fractions, 
including HM-crystallin. 
Attempts to design more pressure-stable matrices than the soft gel 
types in order to reduce analysis time were unsuccesful until the develop-
ment of chemically modified macroporeus silica supports where negative 
surface charge was eliminated and hydrophilic groups were introduced [43]. 
The f i rst paper reporting fractionation of proteins on TSK GEL SW type 
columns appeared in 1978 [22] and although precise details concerning the 
structure of this support are not available, these packings meet most 
advantageous characteristics among other conmercial available matrices 
[40]. Recently in a preliminary note, Horwitz et a l . [26] reported a 
method for the analysis of mi erodissected cataractous human lenses using 
TSK GEL G3000 SW type fractionation. They were able to show that different 
opaque zones in a single lens may have unique biochemical and biophysical 
properties. 
The soluble bovine lens proteins are usually size-fractionated 
into five crystallin groups: HM-, α-, β -, 3 - and γ-crystallin [31], 
Η L 
sometimes with peak doubling for the 0 - and γ-crystallins [3,29]. 
Subsequent characterization of these lens proteins on the basis of size 
and/or charge under native or denaturing conditions can be performed with 
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several techniques. Size characterization under native conditions has been 
done using ultracentrifugation, light scattering, electron microscopy and 
gel permeation chromatography (GPC) [9,10,14,¿1]. Determinations of sub-
unit composition and their molecular weights were conducted by sodium 
dodecylsulfate (SDS) Polyacrylamide gel electrophoresis [25]. Isoelectric 
focusing has been used under native circumstances [15,16,37] as well as 
in the presence of б M urea to determine the subunit composition [25,34]. 
Many drawbacks are encountered with the usual way of molecular 
weight determination by GPC using the relative elution volumes obtained 
in calibration analyses such as non-linear calibration plots, variations 
in flow rate and differences in molecular shape [13,24]. More reliable 
molecular weights can be obtained using a molecular weight-sensitive 
detection system including a low-angle laser light scattering (LALLS) 
photometer equipped with a flow-through accessory [39,50] 
In this section we describe the one-step fractionation of cortical 
and nuclear calf lens extracts on TSK GEL G400Ü and G3000 SU type columns 
revealing superior resolution in the 6- and γ-crystallin range Effluent 
molecular weight determination was done applying LALLS. For further 
identification, the subumt compositions of the peak fractions were 
determined by SDS electrophoresis and isoelectric focusing in the presence 
of 6 M urea. 
MATERIALS AND METHODS 
High-pressure gel permeation chromatography (HPGPC), based on size 
exclusion, was carried out at room temperature in prepacked columns 
containing TSK GEL SW type, which were interconnected in sequence of 
descending pore size. GSWP (precolumn, 10»0 75cm), G4000 SW and 2«G3000 SW 
(60x0.75cm each) (Toyo Soda). The mobile phase was composed of 0.10 M 
Na2S0i, and 0.02 M NazHPO^-NaHzPO., at pH 6.9 and was MilUpore-f il tered and 
degassed under vacuum before use. Elution was performed at constant flow 
rate of 0.Θ ml/min with pressures near 80 bar (pump: Beckioan/Altex model 
100Л). Protein concentration detection was done with a differential 
refTactometer (Melz: LCD 201). The calf lens cortical extract was prepared 
as described in the preceding section [6]. Afterwards, the remaining lens 
nuclei were stirred in I volume of 0.02 M tris-HCl, 0.08 M NaCl, 1 raM EDTA, 
0. 5 mM phenylmethylsulphonylf luonde, pH 7.3 buffer overnight at 40С until 
they were completely dissolved. Cell debris was removed by centrifugal ion 
at 10 000«<j for 20 min [47]. The extracts were diluted with elution buffer 
to obtain absorbances at 280 nm (1cm) of 67 for cortical and 100 for 
nuclear extracts. The samples, with protein concentrations near 35 mg/ml, 
were centrifuged for IO m m at 10 ΟΟΟχσ and subsequently applied to the 
column system using a Valco loop injector equipped with a 200 pi loop. 
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Molecular weight détermination was done with a low-angle laser light 
scattering (LALLS) photometer (Chromatix : KMX-6). Principles of the instru-
ment, using a He-Ne source (λ: 632.8 nm), were presented by Kaye et al. 
[33] and coupling with HPGPC was described by Ouano and Kaye [39] and 
Takagi [50]. Between the column system outlet and the 5 nm stainless steel 
flow-through cell we used a filter holder equipped with two 0.22 Um filters 
(Millipore: GS). The cell output was connected with the differential 
refractive index (DRI) detector thermostated at 20.000ε. We determined the 
molecular weights according to the relative method [50] taking bovine 
thyroglobulin, serum albumin and chymotrypsinogen A (Sigma) as standards. 
The standard molecular weights and refractive index increments (dn/dc) 
used were 669 000 and 0.165 ml/g, 68 000 and 0.165 ml/g, and 25 900 and 
0.170 ml/g, respectively. The dependence of the light scattering intensity 
on the second virial coefficient was neglected because the effluent protein 
concentration was below 1 mg/ml; we used 0.17 ml/g as refractive index 
increment for all lens proteins. Data sampling was performed with a Hewlett 
Packard 3353 LAB DATA system using the area slice integration method and 
post-analysis data processing; a list of the BASIC program will soon be 
available as a Hewlett Packard Software Note. Number average (M ) and 
weight average (M ) molecular weights were determined according to Baker 
[4]: M - ΣΝ.^Μ./ΣΝ. = EDRI-area./ï(DRI-area./M.) 
and M = ΣΝ.·(Μ.)2/ΣΝ.·Μ. - E(DRI-area.·Μ.)/ZDRI-area. 
W 1 1 1 1 1 1 ι 
where Ν. * the number of moles having molecular weight of Μ., 
and M. " (LALLS-area./DRI-area.)·(calibration constant / dn/dc ). 
Pooled fractions were precipitated at 0°C in 10% trichloroacetic acid and 
the pellets obtained after centrifugation were washed twice with cold 
ethanol prior to electrophoresis and isoelectric focusing. Sodium dodecyl-
sulfate Polyacrylamide gel electrophoresis, essentially according to 
Laenmli [35], was done using a vertical slab gel system (Bio Rad: 200). 
Thickness of the gels was 1.5 nm and the stacking and separation gels 
contained 4Z and I3Z Polyacrylamide, respectively; all reagents were of 
electrophoresis purity quality (Bio Rad). Isoelectric focusing in 6 M urea 
was performed according to van Kleef and Hoenders [34] using 5Ü Polyacryl-
amide rod gels. Urea (Merck: zur Analyse) was used without further 
purification and ampholytes (Pharmalyte 5-8) were obtained from Pharmacia. 
RESULTS 
Cortical and nuclear calf lens proteins were subjected to high-
pressure gel permeation chromatography (HPGPC) using TSK GEL SW type 
columns. To obtain a one-step fractionation of the crystallins with 
molecular weights ranging from several millions to 20 000, it is necessary 
to use a combination of two different columns: the G4000 SW column which 
fractionates globular proteins with molecular weight between 5-7·106 and 
20 000, and the G3000 SU with a fractionation range from 500 000 to 10 000 
dalton [22,24,32,40]. Some fine structure in the elution patterns which 
could be obtained with a combination of these columns was enhanced using 
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a combination of one G4000 SW and two G3000 SW columns (all columns were 
60 cm), the elution patterns obtained can be seen in figure 1. The upper 
tracing shown represents the low-angle laser light scattering (LALLS) 
signal recorded together with the middle trace where the differential 
refractive index (DRI) pattern is drawn for the cortical lens extract 
elution. Roughly the LALLS-profile corresponds to the product of the 
Retention time (mm) 
FIG. 1. High-performance gel permeation chromatography of calf cortical 
and nuclear water-soluble lens proteins. Elution profiles from bottom to 
top. differential refractive index (DRI) detection of nuclear crystalllns, 
differential refractive index detection of cortical crystalllns and low-
angle laser light scattering (LALLS) detection of cortical extract (note 
that the signal in the HM- and a-crystallin region is attenuated by a 
factor 20) . 
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eluting crystaTlin molecular weight and its concentration (DRI-signal). 
The lower tracing in fig. 1 shows the DRI-detection of the nuclear lens 
extract elution. Thirteen more or less discrete fractions with eight 
oligoneric p-crystallins can be discerned. For identification, molecular 
weights of the top of fractions were determined using LALLS detection 
(table I); additionally, material obtained from pooled peak fractions was 
subjected to SDS electrophoresis and isoelectric focusing (figs. 2-4). 
Size characterization of HPGPC fractionated crystalline 
The peak containing totally excluded protein aggregates (fig. 1, 
retention time 35 min) with molecular weights larger than 5-7-106 and 
virtually absent in the cortical extract, is called HM-crystallin. This 
designation, instead of CL,- or polymeric a-crystallin [16,47], is chosen 
because calf lens HM-crystallin definitely contains minor amounts of other 
lens proteins (section 4.2); the ποη-α-crystallin constituents in the 
corresponding fractions isolated from other species are more abundant 
[18,37,44]. The value for the HM-crystallin molecular weight (table I) is 
quite arbitrary because it represents the weight average molecular weight 
of a totally excluded fraction. It depends both on the column system 
exclusion limit and the lens extract preparation procedure where the 
effectiveness of homogenization and the rate of subsequent centri fugation 
affect the HM-crystallin molecular weight distribution in solution. 
The second peak represents a-crystallin and the gaussian peak 
shape, especially in the pattern obtained from the cortical extract, must 
be attributed to the size heterogeneity of this protein consisting of 
aggregates built from 30 to 50 20 000 dalton subunits [45]. It should be 
emphasized that, dealing with a polydisperse system, the molecular weight 
of the material eluting in the peak of the concentration profile usually 
lies between the weight average and the number average molecular weight 
[5]. In the case of the calf cortical extract elution it is possible to 
determine these parameters describing the a-crystallin molecular weight 
distribution; sumation is performed from retention time 36 to 47 minutes. 
The weight average and number average molecular weights M and M amount 
to 860 000 and 740 000, respectively, revealing a value of 1.16 for the 
polydispersity facor (м/M ). Because of the strong tailing of the HM-
crystallin peak on the LALLS detection for nuclear calf lens extract 
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(pattern not shown), i t is not feasable to determine м and м values for v
 w η 
nuclear a-crystal l in unless further p u r i f i c a t i o n (centrifugation) or 
application on other column systems is performed. Our M value for cort ical 
w 
a-crystallin is in excellent agreement with those obtained by Siezen and 
Berger [46] using various physico-chemical methods The val-ue of 1 1·106 
found for nuclear a-crystallin at the peak of the DRI-pattern is a good 
approximation and is in accordance with the values determined for isolated 
nuclear calf lens a-crystallin using static-LALLS (unpublished) and with 
sedimentati on-based calculations [47] 
All fractions eluting between 48 and 73 minutes after sample 
application are designated as ß-crystallins. The formerly found g-crystal-
lin peaks (ßH-, е^-, ß£- and the monomeric 0s-crystallin) using Sephadex 
G-200 [3], Sephadex G-75 [11,29] or Sephacryl S-200 [6,27] are satis-
factorily resolved Moreover, for the first time additional ß-crystallin 
size-fractions can be observed (fig. 1) The recently introduced nomen-
clature for ßL-crystallin [6], where a numerical superscript indicates 
TABLE I 
Molecular weights of the calf lens water-soluble crystallins * 
H M - c r y s t a l l m 
α - c r y s t a l 1 i n 
ß j j 1 2 - c r y s t a l l i n 
0 ? r l o - c r y s t a l U n 
η 
ß ° - c r y s t a l l i n 
ß ' - c r y s t a l l i n 
ß ^ - c r y s t a l l i n 
ß ^ - c r y s c a l l i n 
ß ^ - c r y s t a l l i n 
ß ^ - c r y s t a l l i n 
β - c r y s t a l l i n 
c o r t e x 
780 
2 - 3 · : 
200 
160 
130 
100 
80 
50 
28 
000 
, o
5 b 
ooo
a 
000 
ooo
a 
000 
000 
000 
000 
(Al, 
(53, 
(55, 
(57. 
(60, 
(62, 
(65, 
(69 
(74, 
V 
.5 
.0 
.0 
.8 
.2 
.5 
.9 
.9 
.4 
min) 
min) 
min) 
min) 
min) 
min) 
min) 
min) 
min) 
nuc leus 
I . 2 - I 0 7 b 
1 100 000 
> 3 · 1 0 5 b 
2 - 3 - 1 0 s b 
165 0 0 0 a 
135 000 
ПО 000 
80 000 
50 000 
28 0 0 0 a 
( 3 4 . 9 
( 3 9 . 9 
( 4 9 . 8 
( 5 3 . 0 
( 5 7 . 3 
( 6 0 . 0 
( 6 2 . 4 
(66.1 
( 6 9 . 9 
( 7 4 . 2 
min) 
min) 
min) 
min) 
min) 
min) 
min) 
min) 
min) 
min) 
Y - c r y s t a l l i n 
η 
Ύ , - c r y s t a l l i n 
23 000 ( 7 6 . 6 min) 
20 000 (80 6 min) 20 000 ( 8 0 . 6 min) 
* Al l molecular w e i g h t s , determined a t t h e peaks in the HPGPC 
e l u c i ó n p a t t e r n s , are accurate w i t h i n 2-5% except : 5-10% 
and 10%. Retention times (t ) are accurate within 0.2 mm. 
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the number of subumts, is also applied to the different Bjj-crystallin 
fractions using the data presented in table I and taking a value of 26 000 
as averaged subumt molecular weight. It appears that in addition to the 
preferential oligomeric structures for bovine B-crystallins other possible 
architectures also occur. On comparing the elution profiles of nucleus and 
cortex, the differing retention times for the predominant BH-crystallin 
fractions are remarkable. The most abundant nuclear 0H-crystallin 
aggregates have a pentameric structure while in the cortical extract the 
molecules eluting in the peak fraction are built up from six suoumts. 
The differences which can be observed in the 0H-/eL-crystallin ratio for 
cortex and nucleus is in accordance with the results of van Kamp and 
Hoenders [31]. 
The three monomeric crystallins found on HPGPC are designated 
β -, γ - and γ -crystallin The molecular weight value of 28 000 obtained 
under native conditions and by SDS electrophoresis (figs. 2,4) are 
convincing arguments to state that our B.-crystallin fraction is identical 
to the one isolated by van Dam [19]. Two peaks are found for the cortical 
γ-crystallins with clearly different molecular weights, viz. 23 000 and 
20 000. The 23 000 dalton fraction corresponds most likely with the 24 000 
dalton cattle γ-crystallin fraction isolated by Kabasawa et al. [29]; 
because we obtained this fraction from calf lenses, the designation of 
γ -crystal 1 in, used by the same authors for the corresponding human 
protein [30], seems more adequate. The observation that the highest content 
of the 20 000 dalton γ -crystallin is found in the nuclear part of calf 
lenses agrees with earlier results [8] 
Eleotrophoretio oharacterization of HPGPC fractionated crystallins 
To assess the application of HPGPC for semi-preparative purposes, 
pooled fractions obtained from several analyses were subjected to SDS 
Polyacrylamide gel electrophoresis (figs. 2,4a) and isoelectric focusing 
in the presence of 6 M urea (figs. 3,4b). It is remarkable that in the 
total cortical crystallin preparation high-molecular weight bands, absent 
in any of the crystallin fractions, can be seen (fig. 2). Most likely we 
are dealing with "water-insoluble" lens proteins since possible oligomer-
formation by sulfhydryl oxidation can practically be ruled out because we 
used an excess of reducing agent in our sample buffer. The presence of only 
two bands in the a-crystallin lane implicates that no degradations occurred 
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FlG. 2. SDS Polyacrylamide gel electrophoresis of total HPGPC-fractionated 
cortical crystallins. Fractions applied and their retention time in HPGPC 
correspond to fig. I. From left to right: total crystallins (Σ), a-crystallin 
(38.0-45.0 min), g^-crystallin (56.8-58.8 min), ß^-crystallin (67.2-70.5 min), 
ßg-crystallin (73.4-75.4 min), γ -crystallin (75.6-77.6 min), γ -crys-
tallin (78.6-82.6 min), total crystallins, ß>6-crystallin 
(52.0-56.5 min), ß'-crystallin, ß^-crystallin (59.0261.5 min), B¿-crystallin 
(61.5-63.5 min), ß^-crystallinH (64.0-66.0 min), ß^-crystallin^66.0-67.2 
min), ß2-crystallin and ß2-crystallin (70.5-73.0 min). 
during the HPGPC fractionation and subsequent manipulations. The patterns 
of the ¡5*-, β*- and γ -crystallin fractions are similar to those in the 
H L L 
preceding section [6]. The relative mobilities of the major band in β.-, 
γ - and γ-crystallin, corresponding to molecular weights of 29 000, 22 000 
and 20 000, agree fairly well with the data from Kabasawa et al. [29]. 
The minor band, seen in the β -crystallin lane, and migrating as a 15 000 
dalton polypeptide, is marked. It might correspond to half ß.-crystallin 
molecules, assuming for this protein a two-domain structure as found for 
γ-crystallin and the ßB -subunit [12,51]. Co-elution of FM-crystallin 
with β -crystallin would also be conceivable. This minor fraction with 
"acidic" mobility on electrophoresis and composed of 14 500 dalton poly­
peptides [17] was found to elute on Sephadex G-75 between β - and γ-crys-
tallin [11]. The acidic band observed in fig. 3a corresponds to the 
estabished electrophoretic mobility of FM-crystallin. 
Ч · " ^ ^ " " " — - — I M . 
« 
w 
· & ßff ^ й Дй ^ -ß3L • /? 
« / î f i yS2L As HH ^L 
FIG. 3. Isoelectric focusing in Polyacrylamide gels (pH range 5-8, top to 
bottom) in the presence of 6 M urea of total and HPGPC fractionated cortical 
crystallina. Fractions correspond to those in fig. 2 
ι 
'и V2 Ή »L - H M α /5» /^  ^
 tU yL 
FlG. 4. SDS electrophoresis (left) and isoelectric focusing (pH range 5-8, 
top to bottom) in urea (right) of total and HPGPC-fractionated nuclear 
crystallins. Fractions applied and their retention time, corresponding to 
fig. 1, were total crystallins (Σ), HM-crystallin (34.0-35.5 min), 
o-crystallin (36.5-43.0 min), 6^-crystallin (59.0-61.5 min), 6^-crystallin 
(68.0-72.0 min), β -crystallin (73.5-75.0 min), γ -crystallin 
(75.5-77.0 min) and γ
τ
-crystallin (78.6-82.6 min). 
L 
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The right part of fig. 2 shows the electrophoretic patterns of the 
several oligocneric ß-crystallins. It can be seen that only the cortical 
0 -crystallins are lacking the 30-34 000 dalton bands, in the intermediate 
β -crystallin fractions several bands in addition to the BB. - and BBj,-
crystallm subumts [6] are observed in this area. Remarkable is the 
presence of 50 000 and 44 000 dalton bands in the B*-crystallin and in the 
trailing edge of the ß'-crystallin fraction, respectively. Probably these 
bands represent the water-soluble cytoskeletal proteins vimentin and actin 
[42] which co-migrate with the ß-crystallins on size-exclusion It is 
uncertain whether these proteins have dimeric structures since they elute 
together with 100 000 and 75 000 dalton crystallin aggregates or whether 
they exhibit an asymetrical monomeric structure in solution. 
Figure 3 shows the calf cortical crystallin subumt compositions, 
obtained by isoelectric focusing in the presence of 6 M urea. The patterns 
for the ß-crystallins differ from those obtained in the preceding section 
[6], perhaps because we used different ampholytes. It now appears that the 
basic ßB -crystallin subumts (30-34 000 dalton bands in fig. 2) cannot 
penetrate the gel due to aggregation. The relatively pure ß-crystallin 
fraction,judged from fig. 2,appears to be complex on isoelectric focusing. 
The acidic band might arise from FM-crystallin and the basic band from a 
contamination with γ -crystallin thus leaving the middle band to 
correspond with В -crystallin. A more acidic and a more basic isoelectric 
point for the two 0 -half-molecules relative to native В -crystallin may 
also give rise to such a pattern, γ -Crystallin appears rather pure, in 
α 
ν -crystallin additional bands can be observed. 
In figure 4 the polypeptide compositions of nuclear crystallins 
as obtained by SDS electrophoresis and isoelectric focusing under 
dissociating conditions are presented. As found earlier [34,47,49], the 
subumt compositions of HM- and a-crystallin are very similar. The low-
molecular weight bands in fig 4 , absent in cortical a-crystallm 
patterns (fig. 2), originate from C-termmally shortened polypeptide 
chains. The several nuclear B-crystallin subumt compositions analyzed by 
both methods look all alike and,therefore, only the predominant fractions 
are shown. The finding that there is much less difference in subumt 
composition between 6U- and B,-crystallin in the calf lens nuclear part 
than in the cortical one is remarkable. On thorough observation of fig. 4 
some bands migrating in the molecular weight range of cytoskeletal proteins 
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are seen in the ß2-crystallin fraction; moreover, the gB -crystallin-1 ike 
bands (30-34 000 dalton) are present in the β*- as well as in the 3*-, a-
and HM-crystallin fractions. In the ßg-crystallin fraction only a very 
faint 29 000 dalton band can be found due to strong tailing of the ß2-
crystallin fraction; the 15 000 band, present in tne cortical β -crystallin 
lane (fig. 2 ) , can also be detected. Although tne γ - and γ -crystallin 
H L 
fractions show similar patterns on SDS electrophoresis, differences can be 
seen on the isoelectric focusing gels. It seems that the least basic bands 
(fig. 4 ) correspond with cortical γ -crystallin (fig. 3) and that the 
major basic band is identical with the most intense band observed in 
cortical YL-crystallin (fig. 3). 
DISCUSSION 
It is shown that high-pressure gel permeation chromatography (HPGPC) 
witn TSK GEL SW type is an excellent method for analytical and semi-prepara­
tive fractionation of lens proteins. Molecular weight determinations were 
performed using a flow-through molecular weight-dependent detection system 
including a low-angle laser light scattering (LALLS) photometer and a 
differential refracometer [39,50]. Direct HPGPC molecular weight 
determination by LALLS is advantageous over the usual method using relative 
retention times from known proteins obtained in separate analyses. The 
calibration curves generally presented are constructed by plotting the 
logarithm of the molecular weight versus the elution volume and are linear 
over a reasonable range [21. However, assuming that the gel network is made 
up of rigid cylindrical rods [361 or describing a statistical function 
based on a random distribution of penetrable volume elements [1], a 
more linear relationship between functions of the molecular (Stokes) radius 
and the distribution coefficient was found. Several other, more or less 
different approaches to obtain more linear calibration curves are reported 
but, due to the non-ideality of the system, none of them is clearly 
advantageous over the others. Though calibration curves for high-pressure 
size exclusion systems are mostly contructed by the logarithmic treatment, 
Himmel and Squire [24] obtained better linear correlation by plotting a 
function of the elution volume against ^(м - ν ) . The accuracy of molecular 
weight determinations in this way, expressed as standard deviation, was 
14% which is slightly better than the logarithmic method (16%). Structural 
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factors, such as variations in shape, hydration and partial specific 
volume of the calibration and unknown proteins, as well as chromatographic 
ones (adsorption, ion-exclusion, flow rate variations), may all contribute 
to the errors in calculating molecular weights from calibrated columns 
[13,24,40]. Takagi [50] was the first who reported protein molecular 
weights obtained by the HPGPC-LALLS method using a TSK GEL G3000 SW column 
The accuracy can be within 1% when the exact differential refractive index 
increment (dn/dc) and the second vinal coefficient are known. Because of 
small variations in dn/dc for proteins and the negligible concentration 
dependence of the scattering intensity at low protein concentrations, 
accuracies between 2 and 5% are routinely obtained. 
The resolution of proteins in high-performance liquid chromatography 
can be improved upon lowering the elution rate [28], for TSK GEL SW type 
HPGPC this was demonstrated by Sjodahl [481 An elution rate of 0.08 ml/miη 
revealed virtually the same resolution in the S- and γ-crystallin range 
with only one TSK GEL G3000 SW type column (chromatogram not shown) 
However, we use high flow rates enabling the performance of numerous 
analyses each day The fractionation of lens proteins on TSK GEL G3000 SW 
type at very low flow rate and pressure (4 bar), revealing similar 
resolution for the ß-crystallins compared with the one obtained at high 
flow rate (fig 1), argues against pressure-induced aggregation-dissociation 
effects. 
It is interesting to speculate whether the differently sized oligo-
meric 0 - crystallins are present in the lens in vivo. In the preceding 
section [6] we compiled several factors which determine the association-
dissociation equilibria of β - and 8.-crystal 1 ins such as: protein concen-
H L 
tration, temperature, medium density, ionic strength and pH. Although it 
is not possible to judge which factors will predominate, better insight 
into these reactions may provide a basis to do so in future investigations. 
On comparing cortical and nuclear calf lens crystallins, it can be 
inferred that the older (nuclear) proteins are more heterogeneous with 
respect to size (fig 1) and charge (figs 3,4b). Therefore, the analysis 
of fractions separated by HPGPC or any other technique is hampered by 
interference and overlap with other fractions. For instance, the overlap 
of e
s
- with ßL-crystanin cannot be diminished by improving the resolution. 
The presence of mainly 0B -crystallin-like subumts in both a- and HM-
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crystallin, is another complication, perhaps some very large 8-crystallin 
aggregates co-elute with a-crystallin. In the case of HM-crystallin it is 
unclear whether the g-crystallins are present as separate high-molecular 
weight aggregates or if they are part of mixed protein clusters [38]. 
In 1980, when we submitted the paper included as section 3.1 [6], 
we had several indications to assign the fraction eluting on Sephacryl 
5-200 between 8^- and γ-crystallin to 0 -crystallin; only the mobility on 
SDS electrophoresis, corresponding to a molecular weight of 23 000, puzzled 
us. However, in the light of the present results, where (L- next to y„-
Ь H 
crystallin can be found, this assignment has to be refuted. The designation 
of γ -crystallin by Kabasawa et al. [29] was formerly not generally 
accepted due to its close resemblance with β -crystallin [23]. In this 
respect, we as well as Bloemendal and Zweers [11], attributed the 22 000 
dalton band to 8
s
-crystallin. Nevertheless, because of the several 
similarities, it is hard to consider both fractions to be part of different 
crystallin classes. A thorough structural study of both fractions may end 
this confusing situation and will, perhaps, result in a better nomenclature. 
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4 1 ON THE EXISTENCE OF DISCRETE SUB-POPULATIONS IN 
BOVINE HM-CRYSTALLIN 
Artificial peaks in gel permeation chromatography due to 
combining column supports with different pore size 
Bindels, Jacques G. and Hoenders, Herman J. 
INTRODUCTION 
During the last two decades gel permeation (size exclusion) 
chromatography has become one of the most valuble techniques for analytical 
characterization and preparative fractionation of synthetical and 
biological macromolecules. Next to the initially introduced cross-linked 
dextran gels [22], agarose matrices extending the fractionation range [21] 
and polystyrene gels enabling the use of organic solvents for water-
insoluble polymer characterization [18] were developed. On gel permeation 
chromatography (GPC) of the soluble lens proteins initially four 
crystallin groups [29] , a-, 8„. ..-, 8,, .- and γ-crystallin were 
H(ighJ How) 
found Spector et al. [27] reported the characterization of two additional 
high-molecular weight crystallin fractions utilizing agarose supports. 
Subsequent studies in our lab were undertaken to gam more insight into the 
age-related aggregation of crystallins to high-molecular weight aggregates 
[13,14,26]. 
Semi- and non-rigid column packings allowing high-pressure and 
high-speed chromatography which have been already in use over ten years in 
non-aqueous applications, have recently become popular in aqueous 
(bio)polymer characterization [2-4,6-12,15,20,23,28] Two types of rigid 
hydrophilic column packings are available, chemically modified macroporous 
silica supports and microspheres exclusively consisting of hydrophilic 
polymer. The first ones are preferred when proteins are investigated and 
the latter ones give higher resolution for synthetical polymers [12] The 
application of silica-based TSK GEL SW type high-pressure GPC in combination 
with a molecular weight-dependent detection system, using a low-angle laser 
light scattering photometer, greatly improved the size characterization of 
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crystallins [3]. Since the fractionation range of the largest pore-sized 
TSK GEL SW type columns is limited to molecules having radii below 20 nm 
(inferred from the exclusion limits and molecular dimensions for dextrans) 
[11,15,24], these supports are less appropriate than the conventional 
agarose matrices for the separation of HM-crystallin with dimensions up to 
500 nm [14]. Compared with the SW type columns, the polymer based TSK GEL 
G5000 PW and G6000 PW type columns have larger pores [12,15] Himmel and 
Squire [9] used a TSK GEL G5000 PW type column for size exclusion of large 
proteins and viruses and Okazaki et al [20] were able to fractionate 
human serum lipoproteins on G5000 PW or G6000 PW columns. Moreover, to 
obtain an optimal one-step fractionation of the lipoproteins, the latter 
authors used several combinations of PW and SW type columns. 
The present section deals with the results of fractionating 
lens proteins on a TSK GEL G5000 PW column and a combination of a G5000 PW 
and a G4000 SW type column. In the latter case an additional peak was found 
between the void volume and the α-crystal 1 in peak, suggesting a discrete 
sub-population of intermediately sized HM-crystallin. However, because no 
indication whatever for such peak could be obtained using only the G5000 PW 
type column, simulation calculations were done and showed that the extra 
peak is artificial 
EXPERIMENTAL 
High-pressure gel permeation chromatography was carried out at room 
temperature in prepacked columns containing TSK GEL SW and PW type columns 
which were, when combined, connected in sequence of descending pore size: 
GPWP (precolumn, 10«0.75cm), G5000 PW and G4000 SW (60«0.75cm each) (Toyo 
Soda). The carrier buffer was composed of 0.10 M NazSOi, and 0.02 M Na-phos-
phate pH 6.9 and was Millipore-filtered and degassed under vacuum before 
use. Elution was performed at constant flow rate of 0.4 ml/min for the PW 
type alone and 0.8 ml/min for the combined system (solvent delivery. 
Beckman/Altex model 100A) Detection was accomplished with an ultraviolet 
absorbance detector at 212 nm (Hitachi/Altex). Samples of 100 μΐ, obtained 
from nuclei of calf lenses as described earlier [3,26] and diluted with 
elution buffer to a concentration of 2 mg/ml, were applied using a Valco 
loop injector. 
Molecular weight determination was done with a flow-through low-angle laser 
light scattering photometer (Chromatix. KMX-6) and a differential refractive 
index detector (Melz. LCD 201) according to the relative method [28] and 
using a Hewlett Packard 3353 data system as described in the preceding 
section [3]. 
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RESULTS 
Gel permeation chranatography of high-molecular weight lens proteins 
Figure 1 shows the result of applying a diluted extract from the 
innermost part (nucleus) of a calf lens to a TSK GEL G5000 PW type column 
(upper trace) and a G5000 PW/G4000 SW type combination (lower trace). The 
upper eluti on pattern shows that a good separation of the crystal lins is 
obtained, especially between the largest HM-crystallin aggregates eluting 
in the void volume and the ot-crystallin peak. Due to the pore characteristics 
of the G5000 PW type support, the resolution of the other crystallins is 
limited. The peaks were identified by comparison of the profiles with the 
patterns obtained from SW type columns and by molecular weight determinations 
using the molecular weight-dependent low-angle laser light scattering device; 
the data were in accordance with those of the preceding section [3] and are 
A312 
100η 
30 40 50 60 
Rtttnten tNTW Inwi) 
FlG. 1. High-performance gel permeation chromatography of calf nuclear 
water-soluble lens proteins. The upper elution profile was obtained using 
a TSK GEL G500Û PW type column (flow rate 0.4 ml/min) and the lower one 
represents the pattern obtained from elution on a TSK GEL G5000 PW and 
G4000 SW column combination (flow rate 0.8 ml/min). 
-llO-
included in table I. 
To obtain a better resolution in the β- and γ-crystallin range we 
coupled a TSK GEL G4000 SW type column to the PW type column and a typical 
elution pattern is shown in the lower trace of figure 1. When both drawings 
are compared, the decreasing overlaps between a- and β- , and β- and γ-crys­
tallin indicate the improvement in resolution. It is remarkable that the 
ratio of peak heights for β - and β -crystallin is changed; however, on 
comparing the areas under the curves for both chromatograms it was found 
that the proportions of β - and ß-crystallin are similar in both analyses. 
π L 
Becausp of its heterogeneity [section 3.2; 3] , the ßH-crystallin group 
elutes with a broader peak in the better resolving system, thus revealing 
a lower peak height. 
The presence of the additional peak between the void volume and 
the a-crystallin fraction was more puzzling. At first we thought of superior 
resolution of a discrete sub-population of intermediately sized HM-crys-
tallin aggregates. Such a population has never been found as a peak 
fraction in a one-step GPC procedure 114,16,26]. However, van Kleef and 
Hoenders [131 isolated the aggregates (s 2 0 near 40 S) as a peak fraction 
of a Biogel A-50m column on rechromatography of collected Biogel A-5m void 
volume fractions. 
We found molecular weight values near 4-106 for the material eluting 
in the extra peak seen in the lower trace of fig. 1 by the low-angle laser 
light scattering device. It thus seems possible that the aggregates eluting 
in this peak represent the earlier characterized HM2 [131, high α - [14] 
and oligomeric a -crystallin [26]. However, the suggestion that this 
fraction represents a discrete sub-population of aggregates is uncertain. 
Since this material could never be isolated as a peak fraction on one-step 
agarose GPC, no indication of a corresponding peak in the elution pattern 
from the G5000 PW type column could be found, and its molecular weight 
value coincides possibly with the G4000 SW exclusion limit for these 
proteins, we looked for an artificial origin of this peak. The results of 
simulation calculations, presented below, affirm the suggested artificial 
character of the peak caused by coupling the two different columns. 
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The GSOOO FU exclusion limit for compact globular proteina 
Although the literature concerning TSK GEL SW type fractionation 
of proteins is rapidly expanding, only few papers have appeared which 
describe the elution of proteins on TSK GEL PW type supports [7,9,12,20). 
To our knowledge Himmel and Squire [9] are the only ones who mentioned the 
fractionation range for native high-molecular weight proteins chromatographed 
on a TSK GEL GSOOO PW type column. Since the reported exclusion limit of 
1.4-106 dalton is much lower than our estimation, we compared our results 
with a selection of elution data given by the aforementioned authors. 
Table I lists several parameters of the elution shown in the upper part of 
fig. 1 and those reported in reference 9: м , distribution coefficient (Ka) 
the t /t,. value, the elution volume parameter F, . and the molecular weight 
function ¿'(M -0). It can be seen that there is a good agreement between 
TABLE I 
Molecular weights and elution parameters for TSK GEL GSOOO PW type GPC 
tobacco mosa ic v i r u s 
H M - c r y s t a l l i n 
sea worm c h l o r o c r u o r i n 
a - c r y s t a l l i n 
t h y r o g l o b u l i n 
d i m e n c serum a lbumin 
ß j j - c r y s t a l l i n 
monomenc serum a lbumin 
g ^ - c r y s t a l l i n 
γ - c r y s t a l l i n 
cytochrome с 
M 
г 
3 9 . 4 - I 0 6 
> 2 0 · 1 0 6 
2 . 9 - Ι 0 6 
Ι . I - I O ' 
670 000 
136 000 
130 000 
68 000 
50 000 
20 000 
12 500 
* 
** 
* 
** 
* 
* 
** 
* 
** 
** 
* 
K d 
0 
0 
0 .343 
0 .442 
0.477 
0.636 
0 .640 
0.699 
0.711 
0.824 
0.871 
V, 
0.495 
0 . 4 9 5 
0 .668 
0 .718 
0 .736 
0.816 
0.818 
0.848 
0.854 
0.911 
0 .935 
* 
#* 
* 
** 
* 
* 
** 
* 
** 
** 
* 
F ( v ) 
0 
0 
0 .398 
0 . 5 0 0 
0 . 5 3 5 
0.686 
0.690 
0.744 
0.755 
0.854 
0.894 
4-
306.4 
> 2 4 5 . 5 
130.2 
93 .37 
7 8 . 4 3 
4 6 . 0 0 
4 5 . 4 0 
36 .51 
3 3 . 0 2 
2 4 . 3 3 
20.79 
V) 
«* 
** 
** 
* Φ 
** 
t : retention time belonging to a particular fraction ; 
t : retention time for totally permeated molecules ; 
t : retention time at which the void volume elutes ; 
° э э э 
K. = (t -t )/(t -t ) ; F - (At /t )- A t /t ))/(!- A t /t )) . 
d e о t o (ν) e t о t о t 
* Molecular weight and elution data were taken from reference 9. 
** Elution data correspond to fig. 1; molecular weights were determined by 
low-angle laser light scattering and agree with those presented in 
section 3.2 [3]. For a- and HM-crystallin we used a partial specific 
volume (δ) value of 0.74 ml/g based on experimental data [l,25l; for 
β- and γ-crystallin we used a ϋ value of 0.72 ml/g based on estimated 
values from amino acid compositions [5,17]. 
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the elution parameters ^d and
 t
e/tt for crystallins and other proteins of 
comparable size analyzed by Hiirmel and Squire [9]. 
It appears that the inconsistency between our exclusion limit 
estimate and that of Himmel and Squire [9] can be attributed to the assign­
ment of the void volume peak. The latter authors considered most viruses 
and sea worm chlorocruonn to be eluted in the void volume {tJtt 0.642-0.668) 
and tobacco mosaic virus behaving anomalously (',,/'Γ 0.495). Moreover, in 
their elution pattern for the 500 000 dalton dextran sample also a small 
void volume peak can be found with an t /t value of 0.495. Anyway, whatever 
the structure of tobacco mosaic virus or the high-molecular weight dextran 
component may be, it is theoretically impossible that they elute earlier 
than the void volume The reason why the three other viruses and the sea 
worm protein elute at practically the same time remains to be established. 
We are convinced that the largest HM-crystallin aggregates elute in the 
totally excluded volume Since the tobacco mosaic virus реак élûtes at 
exactly the same position, our further calculations are based on the '»Α.. 
value of 0.495 representing the void volume. 
Fitting all data from table I with the least-square method revealed 
an excellent linear correlation between the distribution coefficient and 
the logarithm of the molecular weight (correlation coefficient 0.999). The 
exclusion limit, obtained by extrapolation of к to zero, amounts to 
100· 106 dalton. This value is higher than our estimate of 20·106 for 
HM-crystallin performed using HPGPC-LALLS and trypsin-treated HM-crystallin 
[section 4.2, 4], we found a weight average molecular weight of 30-10e for 
the smallest aggregates still eluting in the void volume and 15-106 for the 
aggregates which eluted immediately after the void volume peak. The 
discrepancy between both estimates may be explained by the structure of 
HM-crystal1 ins which were found to be chain-like polymers mainly composed 
of a-crystallin entities [261. 
Extrapolation using the method of Himmel and Squire [9,10], based 
on a linear relation between the elution volume function F,
 4and J'ÍM ν ) , 
(ν) г 
yields a considerably lower value for the exclusion l i m i t . 13-106 dalton 
(correlat ion coeff ic ient 0 97) 
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Similation of elution patterns 
To investigate the question whether an extra peak may be generated 
when two columns with different pore size are coupled, simulation 
calculations were performed. Figure 2a shows a theoretical molecular weight 
distribution for НИ- and a-crystallin. Although precise data are still 
lacking, we think that this pattern represents a reasonable approximation 
of the actual distribution. The distribution profile is sliced into 
fractions of 10 5 dalton width. In figure 2b theoretical calibration curves 
are presented for a TSK GEL G4000 SW, a G5000 PW type and a combination of 
both columns. The curves for the G5000 PW and G4000 SW columns were 
constructed considering exclusion limits of 4-106 and 20-106,respectively, 
for HM-crystallin and total permeation limits of IO1* and 5·10" .respectively. 
We think that, especially in the high-molecular weight region, a reasonable 
description of the actual situation is provided The curve for the combined 
columns was obtained by plotting for each molecular weight the average 
distribution coefficient for the separate columns. This is permitted since 
both columns are of exactly the same size and appear to have similar pore 
volumes. The inflection points at the upper exclusion limit of the G4000 SW 
and the lower one of the G5000 PW type column are marked. 
In figure 3 simulated chromatograms are shown which were calculated 
from the theoretical molecular weight distribution and calibration curves. 
For each slice in fig. 2a, representing molecules within a range of 10 5 
dalton, the distribution coefficients at its molecular weight limits were 
determined from fig. 2b. The simulated chromatograms were constructed 
using tne minimal and maximal distribution coefficient for each slice 
(representing the slice width), and considering the areas of the different 
slices to be proportional with those in the molecular weight distribution 
plot (fig. 2a). So, the slice heights were obtained from the ratio of the 
slice areas and the slice widths. The extra peak in the simulated elution 
pattern of the combined columns arising at the upper exclusion limit of 
the G4000 SW type column is obvious. 
It has to be stressed that the shape of the chromatograms is 
rather arbitrary, in fact we calculated fig. 2a from fig. 3a based on a 
linear increase of the chromatogram for eluting molecules between 20-106 
and 2 1·106 dalton. If only straight lines were used in the theoretical 
calibration plot a saw-tooth shape for the artificial peak is obtained. 
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Moreover, based on the elution characteristics for the G5000 PW type column 
(table I), it is more likely that the total permeation limit for this 
support lies near 10" instead of б-Ю1* dalton as assumed in fig. 2b. This 
would result in a stronger non-parallelity for the calibration curves of 
Theoretical 
molecular weight distribution 
(a) 
molecular weight X ) ' 5-Юв KJ* 5.10* 
(Ь) 
FlG. 2. Theoretical molecular weight distribution for calf lens nuclear 
HM- and α-crystallin (a) and calibration plots for the G5000 PW and G4000 SW 
type columns alone and a combination of both supports (b). 
-115-
the separate columns In flg. 2b and would yield only one Inflection point; 
however, in that case essentially the same simulated chromatograms as those 
shown in fig. 3 can be found. For the sake of simplicity we neglected 
diffusion and/or band spreading effects in our simulation. 
1 
w«Î^il 
(a) 
ο οι аз о.э ai os 0.6 к,, 
Gsooopw.aiooosw 
moiecutar weight 
(b) 
0.5 K d 
FIG. 3. Simulated chromatograms calculated from the molecular weight 
distribution and calibration plots given in fig. 2. The pattern for a 
G5000 PW type column alone (a) and the profile corresponding to the 
coupled G5000 PW and G4000 SW type columns (b) are given. 
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DISCUSSION 
Whenever a broad continuous molecular weight distribution extends 
beyond the fractionation limits of the constituents of a combined GPC-column 
system, additional peaks may be observed caused by the chromatographic 
system This effect is observed with high-molecular weight eye lens proteins 
on a combined TSK GEL G5000 PW and G4000 SW type column system Investigating 
the suitability of the semi-rigid TSK GEL Toyopearl packings for the GPC 
analysis of dextrans. Barker et al [2] also found an additional peak for 
which they had no explanation Since it occurred only when columns were 
packed with certain mixtures of HW55S and HW65S and it appeared to be 
related to the exclusion limit of the HW65S packing, we are convinced that 
they observed the same effect 
Using different column combinations, Mori [19] has compared the 
average molecular weight distribution curves for polystyrene NBS 706, 
NBS 705 and one broad polystyrene Though the average molecular weights 
were not affected by the column combinations, he found that the integral 
molecular weight distribution curves showed definite differences among 
several column sets For a most favorable broad-range calibration column 
system, Yau et al [301 suggested to couple two GPC columns having about 
one decade difference in pore size and approximately equal pore volumes 
for the two pore sizes The desired situation would be that the linear 
portion of the individual column molecular weight calibration graphs is 
substantially non-overlapping and pore volume of each mode is such that 
the linear parts of the calibration graphs are essentially parallel 
Unfortunately, such supports are not yet available for aqueous HPGPC, it 
appears that the TSK GEL SW and PW type columns principally differ in 
upper exclusion limit and to a lesser extent in the lower one, thus 
resulting in non-parallel calibration curves 
The accuracy of molecular weight determinations using empirically 
derived calibration plots is influenced by many factors Besides the 
development of high-performance instrumentation, attention has been focused 
on obtaining linear calibration curves, thus reducing the number of 
necessary calibration points However, it is clear that for the 
detemination of molecular weights on combined column systems, many 
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calibration samples are needed to properly construct the calibration 
curves. An alternative would be the use of a molecular weight-sensitive 
detection system. 
It should be clear that is not strictly relevant to determine the 
exact value for the exclusion limit of TSK GEL G5000 SW type supports for 
globular and compact high-molecular weight proteins since there are only 
very few proteins which meet these demands, both HM-crystallin and tobacco 
mosaic virus are asymmetrical. However, the difference between the value of 
1.4-106 by Himnel and Squire [9] and our estimate of 100-106 is too large. 
An intermediate value of 13-106 may be found if one recalculates their 
data using the method based on the F, , us. /(Μ -v) relation [9,10] and 
regarding a different void-volume fraction Support for the 100·106 valje 
can be obtained if we consider the elution behavior of dextrans on TSK GEL 
G400U SW and G50O0 PW GPC, the exclusion limits were experimentally found 
to be 0 5-106 [11] and 7·106 [8], respectively Using the data compliled 
by Kuga [15], these values correspond with radn of the equivalent spheres 
of 17 and 50 nm, respectively, according to Senti et al. (R=0 Обб-м"" 4 3)[24], 
radn of 19 and 58 nm, respectively, can be found. Since the approximately 
threefold increase in radius corresponds with a 27-fold increase in volume 
and considering the exclusion limit of compact globular proteins on TSK GEL 
G4000 SW, 7-106 [11], the estimate of 100-106 for such proteins on G5000 PW 
type columns seems more reasonable than the lower values. For the chain-like 
HM-crystallin protein clusters a value of 20-106 for the exclusion limit 
molecular weight is supposed 
In conclusion we would like to emphasize that checking of the 
elution behavior on separate columns is needed to decide whether additional 
peaks or shoulders, observed in a high-resolution system consisting of 
supports with different pore size, represent discrete sub-populations of 
molecules or whether they are caused by column artifacts Although the 
method of Himmel and Squire [9] seems to be advantageous over the 
logarithmic treatment for molecular weight estimations by interpolation 
of the data obtained from standard proteins, extrapolation of these data 
to obtain the exclusion limit should preferentially be performed according 
to the logarithmic method 
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4.2 SUBUNIT COMPOSITION AND LIMITED TRYPTIC DIGESTION 
STUDIES WITH BOVINE HM-CRYSTALLIN 
Involvement of 40-43 000 dalton linker proteins 
in the super-aggregation process 
Bindels, Jacques G., de Man, Ben M. and Hoenders, Herman J. 
INTRODUCTION 
The lens is one of the most ideal tissues for the study of various 
fundamental processes because of its ability to produce a complete record 
of one of the highest forms of morphological and biochemical specialization 
[8]. Tne development of senile cataract appears to be an "exaggeration" of 
the changes found in the aging lens [34]. The first age-related change to 
be recognized was the progressive conversion of protein from the soluble 
into the insoluble form [12,16,50]. This led Benedek [1] to predict that 
large protein aggregates would cause lens opacification. Adopting a model, 
based on the Rayleigh-Gans theory applied to dilute polymer solutions, he 
calculated that super-aggregation of 20% of the total lens protein to 
clusters with molecular weight of 50·10' will result in opacification. 
Such high-molecular weight (HM-) aggregates, intermediates in the 
insolubilization process, were at the same time isolated by Spector et al. 
[46] using agarose gel permeation chromatography. Since then both bio­
physical and biochemical approaches were conducted to further characterize 
these protein clusters and to gain insight in the mechanisms responsible 
for their formation and their ultimate insolubilization. 
Studies from the groups of Benedek [22] and of Bettelheim [3], 
applying quasi-elastic light scattering to intact lenses, clearly demon­
strated the existence of HM-crystallin m г о. however, from biophysical 
methods one can only extract averaged information, quantitation is difficult 
because of the approximations in the theories and the estimation of most 
constants needed in the calculations. The biochemical approach is hampered 
by the enormous heterogeneity and complexity of the HM-aggregates, and the 
problems to reproducably isolate representative fractions [19-21]. 
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Characterization by gel permeation chromatography, ultracentrifugati on and 
electron microscopy revealed molecular weights larger than 5'106,even 
exceeding 150·106, sedimentation coefficients near 40 S and larger than 
100 S, and images of oligomeric and polymeric aggregates mainly built up 
from a-crystallin entities, having dimensions up to 500 nm [19-21,24,26,27, 
30,31,44,46]. 
It seems that a number of factors is involved in the super-
aggregation and insolubilization processes such as calcium ions, selective 
C-temiinal degradation, non-enzymatic glycosylation, post-synthetical 
amino acid modification, formation of disulfide and non-disulfide cross-
links and photo-oxidative effects [11,19-21,50]. Bovine lens HM-crystallin 
has been reported to contain exclusively a-crystallin polypeptides [24,26, 
46]. The corresponding fractions isolated from human, rabbit, rat and mouse 
lenses contain additionally ß-crystallin and perhaps Ύ-crystallin poly­
peptide chains [13,27,30,31,40,41]. Since it was proposed that the non-a-
crystallin constituents in HM-crystallin would be involved in holding the 
a-crystallin entities together via disulfide linkages [19], the bovine 
HM-crystallin structure appears to be exceptional. In previous reports we 
mentioned already that non-a-crystallin components were found in bovine 
HM-fractions [5,41]. 
In this section we present evidence for the occurrence of ß-crys-
tallin and actin-like polypeptides in the void volume fraction obtained on 
agarose gel permeation chromatography (exclusion limit for globular 
proteins: 20-106) of calf nuclear lens extract. Subsequent high-pressure 
gel permeation revealed that most of the ß-crystallin components were eluted 
in the low molecular weight range. Limited tryptic digestion at very low 
enzyme concentration, markedly reducing the aggregate size, suggested a 
structural function for the 40-43 000 dalton proteins since they were 
highly accessible. 
MATERIALS AND METHODS 
Extract from calf lens nuclei was prepared as described earlier [5,44]. 
HM-crystallin was isolated after gel permeation chromatography on Ultrogel-
A4 (LKB, 100«2.6cm, 0.4 ml/min, buffer: 0.05 M Na-phosphate, ImM EDTA, 
pH 7,2, 4 C) by pooling the void volume fractions obtained from several 
elutions. These fractions were concentrated by ultracentrifugation (16 h 
at 44 000»з in a Beekman R30 rotor); the upper 80% was removed and the 
pellets were gently resuspended in the remaining supernatant. Remnants of 
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the pellets which could not be resuspended in this way, were removed by 
centrifligation (10 min 9 000«^ in a Beekman Microfuge В). The clear super­
natant had a protein concentration near 4 mg/ml and was stored at -22 C. 
Two-dimensional gel electrophoresis was done according to O'Farrell [15]; 
isoelectric focusing (first dimension) was performed in the presence of 
8 M urea, 2% Fharmalytes Ί-9 and 2% Nonidet P-40 at approximately 10oC. 
Sodium dodecylsulfate electrophoresis was done essentially according to 
Laemmli [28] using 13% Polyacrylamide separation gels. Actually, 0.2 or 
0.02 mg samples of properly redissolved lyophilized material were applied 
to the gels for two- or one-dimensional analyses, respectively. 
The amount of globular actin was estimated using the method of Blikstad 
et al. [7] and Ramaekers [39], based on the inhibition by actin of the 
DNA-degradation by DNase I. 
Limited tryptic digestions were performed at pH 7.2 and 22 С by adding a 
small amount of an TPCK-treated trypsin (Merck) solution to the HM-crys-
tallin preparation (4 mg/ml). The reaction was stopped after 5 min by 
addition of solid cellulose-bound trypsin inhibitor (soy bean, Merck) and 
mixing immediately followed by freezing. For further characterization the 
thawed samples were centrifuged to remove the trypsin and trypsin inhibitor. 
The samples for gel electrophoresis were precipitated by 10% trichloroacetic 
acid (precipitates washed twice with cold ethanol), redissolved and dialyzed 
against 2% acetic acid. 
High-pressure gel permeation chromatography on TSK GEL G5000 FW was done 
as described in the preceding section [6] using a precolumn (GSWP) and one 
analytical column (G5000 PW type, 60«0.75cm), 0.10 M N32301,-0.02 M Na-
phosphate pH 6.9 buffer, an elution rate of 0.4 ml/min and 200 μΐ samples. 
Low-angle laser light scattering detection and molecular weight 
determinations were described in section 3.2 [5]; besides bovine thyro-
globulin we also used catalase (Boehringer; M 240 000, dn/dc 0.165 ml/g) and 
Polyethylene oxide) SE 150 (Toyo Soda; В 1.2?106, dn/dc 0.135 ml/g) for 
calibration. 
RESULTS 
The HM-crystallin material used in this study was isolated from 
calf lens nuclei by collecting the void-volume fractions obtained on 
Ultrogel-A4 gel permeation chromatography of the water-soluble extract. 
The elution patterns were essentially identical with those reported earlier 
using Biogel-A5m [24] or A-15m [29], Sepharose-6B [9] and Ultrogel-AcA-22 
[44]. 
Subunit composition 
Figure 1 shows a two-dimensional gel electrophoretic pattern of 
calf lens nuclear HM-crystallin. Separation was done according to O'Farrell 
[15] with isoelectric focusing in the first dimension followed by sodium 
dodecylsulfate electrophoresis. The a-crystallin subunits can be found in 
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pH 
5.63 5.91 6.74 7.16 
«0-4 3 Ida It or. 
neutral polypeptide!· 
οΛ^-,αΑ 
И ^ ** ψ . ** w ^ 4-
FIG. 1. Two-dimensional gel electrophoreis of bovine HM-crystallin 
The regions where the main components can be found in the figure are 
indicated. Identification of the several a-crystallin subunits is 
possible considering the isoelectric points given in the text and in 
table I. 
TABLE I 
Isoelectric points of a-crystallin subunits in 6 M urea * 
apparent pi theoretical pi 
oAJ51 5.47 5.48 
OA 1 0 1 5.53 5.53 
OAJ 7 3, OA 1 6 8 5.63 5.64 
OA'51 5.72 5.78 
OA^ 7 3, aA 1 6 8 5.91 5.93 
aBJ70 6.32 6.30 
aB¿75 6.41 6.31 
ав'
7 0
 6.65 6.65 
aBJ 7 5 6.74 6.65 
aB* 7 5 7.16 7.22 
The pi values correspond to room temperature 
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the lower part of fig. 1: the primary gene products aAi 7 3 and αΑί' 3 (pj 5.91 
and 7.16, respectively), the deamidated chains o A ] 7 3 , aBi 7 5 and aBj 7 5 {pi 
5.63, 6.41 and (J.74, respectively) and the C-teminally shortened ones αΑί 5 1, 
oA 1 0 1, oA' 5 1, aBj 7 0 and aB' 7 0 (pj 5.47, 5.53, 5.72, 6.32 and 6.65, 
respectively). The double spot for the oiA]73-subunits indicates the presence 
of aAi68-chains which were derived from the former ones by degradation of 
five amino acid residues at the C-terminus. Since these five residues are 
neutral, the ciAj73-chains have the same pi value as the aA}6e-chains have. 
Because we had to overload the gel to search for minor components, the 
corresponding aAi 7 3- and aAi6e-spots are hardly resolved. The B-crystallin 
subunits can be found in the molecular weight range between 23 000 and 
30 000 with isoelectric points from 6,5 to 8.0. 
The isoelectric points given should be considered as apparent 
values since they can only be determined in concentrated urea solutions. 
The values for the principal a-crystallin subunits (otAj73, аАІ 7 3, aB| 7 5 
and aBi 7 5) are averaged values obtained from various investigations; for 
more details see section 2.3 [4]. The isoelectric points for the aged o-
crystallin subunits were estimated from fig. 1 by linear inter- or extra­
polation using the data of the two nearest-by known principal subunits. In 
tabel I the apparent isoelectric points of the a-crystallin subunits are 
given together with theoretical values obtained by the method of Ui [48J 
and using primary structure data [25,36,37]. It can be seen that there is 
a nice fit between the apparent and the theoretical values. It should be 
stressed, however, that the theoretical values are highly dependent upon 
the assumed pK.
 t value for the histidine residues; the value of 6.3, used 
by Ui [48] gave the best fit. Moreover, an effect of the decreased activity 
of water due to the presence of urea should be considered. The conclusion 
of Ui that the apparent pi value in 6 M urea has to be diminished by 0.42 
to obtain the real value is doubted on theoretical grounds [18]; we 
therefore made no correction whatsoever. 
In the upper part of fig. 1 two types of non-crystal lin polypeptides 
can be seen. The minor acidic band obviously corresponds to lens actin. 
Its position on the two-dimensional gel (pj 5.54, M 43 000) is in 
agreement with the data given by Kibbelaar et al. [23], Ramaekers [39] and 
Vanderkerckhove and Weber [49]. Moreover, in the actin assay according to 
Blikstad et al. [7] we clearly found an inhibition of the DNase I activity 
in the presence of HM-crystallin; we estimated that 0.02% of the HM-
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crystallin on weight basis corresponds to globular actin. This matches 
with the impression of its staining intensity on observing fig. 1. The 
majority of the 40-43 000 dalton polypeptides appears to focus between 
pH 6.3 and 7.0 during isoelectric focusing. These polypeptide chains have 
not yet been characterized in bovine lenses; we shall refer to them as 
neutral 40-43 kdalton components To date, it is impossible to conclude 
whether they are related to lens actin or to the 43 000 dalton extrinsic 
membrane proteins associated with high-molecular weight aggregates in human 
lenses [17,471 since both proteins have more acidic isoelectric points. 
Limited tryptic drgestion 
Surface probing by limited proteolysis in vztro has already revealed 
valuble details concerning the structure of the lens proteins a- [42,43], 
and 6-crystallin [Berbers and de Jong, pers. cornil.] and leucine amino-
peptidase [32]. In the case of HM-crystallin we wanted the proteolysis to 
proceed very gently and therefore, we tried polymer-bound enzymes. However, 
under conditions where a-crystallin can be kmcked, no clear splitting in 
the HM-crystallin fraction was found using bound-trypsin and -papain (both 
Enzygel, Boehringer) or bound-chymotrypsin, -pronase and -subtilisin (all 
CM-cellulose-bound, Merck). Obviously the enzyme moieties were sterically 
too much hindered to reach the accessible HM-crystallin sites. On the other 
hand, unbound-trypsin was able to digest bovine HM-crystallin even under 
less favorable conditions. 
In fig. 2 a sodium dodecylsulfate gel is depicted where the action 
of trypsin on HM-crystallin during 5 m m at room temperature, pH 7.2 and 
enzyme concentrations between 2.5-10",'% and 2.5·10"2"ί (w/v) can be observed. 
At very low enzyme concentrations (2.5·10"ι'-2.5·10"3%) trypsin appears to 
kmck only the 40-43 000 dalton bands. In the lanes where the effect of 
higher trypsin concentrations (7.5-10"3 and 2.5·10~23ί) are shown, 
degradation of a-crystall in subumts becomes of importance. This may be 
concluded from the appearance of 18 000 dalton bands which were found on 
two-dimensional gels just below the a A ] 7 3 and aAj 6 e and the aAi 7 3 and αΑί' β 
bands (gels not shown). Thus, these degradation products are identical with 
the first degradation products Tl found after limited trypsinolysis of 
cortical a-crystallin [42]. It should be noted that in the case of a-crys-
tallin 10 m m digestion at 30oC, pH 8.0 and 0.1% (w/v) trypsin was needed 
to find these digestion products. The m vivo degraded aA 1 0 1-subumts are 
О 1 3 10 30 100 а 
FIG. 2. Sodium dodecylsulfate gel electrophoresis of bovine HM-crystallin 
before (0) and after limited trypsinolysis (1-100) and, for comparison, 
a-crystallin. The actual trypsin concentrations used to obtain the limited 
digestion products were 2.5·ίθ",Ζ (1), 7.5·10"3Ζ (3), 2.5·10"3% (10), 
7.5·10-2Ζ (30) and 2.5-lO~2Z (100) (w/v). 
not visible in fig. 2; during electrophoresis they migrated out of the gel. 
On other gels (not shown), which were less informative except for the ад 1 0 1 
subunits, they could be discerned and were found to be unaffected. 
The effects of limited trypsinolysis on the quaternary structure 
of bovine HM-crystallin were investigated using TSK GEL G5000 PW type gel 
permeation chromatography (GPC) combined with low-angle laser light 
scattering detection. Figure 3 shows the elution patterns (differential 
refractive index (DRI) detection) of untreated and treated HM-crystallin 
samples (2.5.10"", 2.5·ID"3 and Ζ.5·10'ζ% (w/v) trypsin). The decrease in 
size of the aggregates upon limited proteolysis is obvious. The preferential 
degradation of the 40-43 000 dalton components, observed in fig. 2, strongly 
suggests that these polypeptides are involved in holding together the 
protein clusters. The material eluted in the first peak (void volume) 
consists of totally excluded HM-crystallin aggregates with molecular 
weights larger than 20·106 [section 4.1; 6]. The second peak represents the 
top of the GPC-molecular weight distribution; the shoulder in the trailing 
edge of this peak elutes at the same time as a-crystallin does. Sodium 
dodecylsulfate electrophoresis of isolated fractions from the elutions 
shown in fig. 3 revealed that the small peak at the end of the chromatograms 
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30 35 40 45 50 
Retention time (mm) 
FIG. 3. High-pressure gel permeation chromatography of bovine HM-crys-
tallin before (0) and after limited proteolysis using trypsin concentrations 
of 2.5·ΙΟ"',Ζ, 2.5·1(Γ3% and 2.5·ΚΓ2Ζ (w/v); top to bottom, respectively. 
corresponds to g-crystallin (gel not shown). No clear differences could be 
seen in the other fractions isolated from several parts of the peak and the 
void-volume. It should be mentioned that these fractions still contained 
some s-crystallin subumts. 
Using the molecular weight-sensitive detection system, it was 
possible to obtain more quantitative information about the effect of trypsin 
on the quaternary structure of bovine HM-crystallin. The elution and 
molecular weight data for the chromatograms shown in fig. 3 are given in 
table II. The last peak, corresponding to low molecular weight ß-crystallins 
and amounting to 3% throughout was not included in the averaged molecular 
weight determinations. The distinction between the void-volume fraction and 
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TABLE I I 
Moleaular weight distribution data of bovine HM-arystallin before and 
after limited trypeinolyeia detezviined by GPC-LALLS 
trypsin concentrat ion (v/v) 
О г . З - К Г " * 2.5·10" 3 Ζ 
total HM- and 
a-crystallin 
fraction * 
(25-44 min) 
void volume 
fraction 
(25-30 min) 
rel. amount 
"peak" 
fraction 
(30-34 min) 
rel. amount 
M : 
w 
Я : 
V 
M : 
W 
M : 
η 
30·IO6 
85·IO6 
32Z 
θ.2-106 
6.9Ί0 6 
65? 
20·IO6 
70-106 
22% 
7.4-106 
6.0-106 
75% 
17-I06 
60·IO6 
17% 
7.2-106 
5.7-106 
80% 
8-106 
30·106 
7% 
5.8·106 
4.7-106 
90% 
* The total HM- and α-crystallin fraction comprises 97% of the applied 
protein, throughout. The minor low molecular weight ß-crystallin 
fraction (3%) was not included in the calculations. 
the 30-44 min fraction is arbitrary, it is caused by the chromatographic 
system and has no real physical meaning. Furthermore, the number averaged 
molecular weight of the peak fraction should be understood as an apparent 
number averaged molecular weight. Since the GPC column has only a finite 
resolution, each small slice of the chromatogram still contains a slightly 
heterogeneous fraction of which the weight average molecular weight is 
recorded. Because this value is slightly higher than the number average one, 
the GPC-LALLS method leads to somewhat higher overall number average molecular 
weight values [35]. 
DISCUSSION 
The present results clearly demonstrate that bovine HM-crystallin, 
isolated by gel permeation chromatography from unseparated calf lens nuclear 
extract (the second type of high molecular weight protein according to 
Harding and Dilley [19] }, holds non-a-crystal!in components. We estimate 
(fig. 2, first lane) that HM-crystallin contains 4% 6-crystallin subunits 
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and 1% of 40-43 000 dalton polypeptides. Most of the ß-crystallin subumts 
become detached upon rechromatography on TSK GEL G5000 PU type GPC. A 
comparable behavior was observed earlier with rabbit HM-crystallin [31] 
where, after DE-52 ion exchange chromatography, low molecular weight 
g-crystallins were found. 
A minor fraction of the 40-43 000 dalton ploypeptides ( 0.02% of 
the total HM-crystallin) was identified as lens actin based on its iso-
electric point and the result from the actin assay. It is tempting to 
speculate on the nature of the 40-43 000 dalton fraction with isoelectric 
points between 6.3 and 7.0 Perhaps these neutral components have been 
derived from actin. Their increase in pi values, which are appreciably 
higher than that of actin, could partly be due to N-terminal degradation. 
A possible in vivo degradation site would be the asp-ala bond between the 
2Sih and the 26 t h residue in the actin sequence [14, rabbit skeletal muscle], 
the same bond occurs in the Α-chains of a-crystallin and is split upon aging 
[25]. Such a degradation would cause a shift in the theoretical isoelectric 
point from 5.51 to 6.23 based on the lens actin amino acid composition [23] 
combined with the data on the rabbit skeletal muscle primary structure [14] 
Alternatively, the neutral 40-43 000 dalton components might 
correspond with the 43 000 dalton extrinsic membrane protein characterized 
by Garner et al. [17] and isolated from the water-soluble and -insoluble 
fractions of human cataractous lenses. This polypeptide which was found to 
be associated with high molecular weight protein aggregates [47] has not 
yet been demonstrated in bovine lenses. Based on the higly significant 
difference in amino acid composition between the human 43 000 dalton 
fraction and actin [17], it has to be concluded that both proteins are 
different The amino acid composition given reveals a theoretical iso­
electric point of 5 71 if an unblocked N-terminal residue is assumed. This 
value, somewhat higher than that for actin, is still too low to account for 
the isoelectric points observed for the neutral 40-43 000 dalton polypep­
tides Perhaps the human fraction characterized was maximally deamidated 
while the calf one is not Isoelectric point calculations show that there 
are six, less deamidated, 43 000 dalton proteins conceivable within the 
pH 6.3-7.0 range, for molecules having 7, 8, 9, 10, 11 or 12 amide residues 
instead of acidic ones, pi values of 6 29, 6 40, 6 52, 6 64, 6.78 and 6 95, 
respectively, can be calculated. 
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Limited proteolysis, using very low concentrations of trypsin, 
suggests that the 40-43 000 dalton polypeptides have a structural function 
since they were highly accessible. Roughly calculated, there would be one 
40-43 kdalton neutral polypeptide per 4 a-crystallin emtities and one actin 
molecule on each 200 a-crystallin units. Therefore, one might suggest that 
intermediately sized "oligomeric" a-crystallin aggregates are linked by 
the 40-43 000 dalton proteins with some ß-crystallins attached, however, 
the super-aggregation mechanism is probably far more complex. 
The fact that a peak fraction, containing intermediately sized 
aggregates, is obtained on high-pressure GPC, does not necessarily mean that 
these aggregates occur in vivo as a discrete sub-population. The actual 
HM-crystallin molecular weight distribution (cf. fig 2a section 4 1 [6] ) 
cannot be considered separately from the a-crystallin molecular weight 
distribution, we suppose that it approaches zero very gradually on the 
high molecular weight side. The high molecular weight limit is due to the 
centri fugation step in the lens extract preparation to remove the cell 
debris, our procedure (20 m m 10 000»g in a Sorvall SS34 rotor) reveals a 
90% removal of particles with diameters near 350 nm from the supernatant 
[45]. The lower molecular weight limit for the material used in this study 
is determined by the exclusion limit of the Ultrogel-A4 support. 
The involvement of 40-43 000 dalton polypeptides as structural 
components in bovine high molecular weight aggregates appears to be an 
important factor in the super-aggregation process In this light, the 
association of a-crystallin with lens fiber plasma membranes [10,33,38], 
its putative close association with microfilaments [2] and the observation 
that it consistently co-purified with actin [23], suggest structural inter-
actions of the HM-crystallin aggregates with the cytoplasmic matrix or the 
membranes Interactions between the soluble lens proteins and membrane-
associated 43 000 dalton polypeptides in the formation of large protein 
aggregates which may cause cataract, have been suggested for human lenses 
[47]. Possible relations between the neutral bovine 40-43 000 dalton 
protein, lens actin and the extrinsic human 43 000 dalton membrane poly-
peptide need to be established. 
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5 . 1 AGE-DEPENDENT VARIATIONS IN THE DISTRIBUTION OF 
RAT LENS WATER-SOLUBLE CRYSTALLINS 
Size f r a c t i o n a t i o n and molecular weight determination 
Bindels, Jacques G., Bours, Johan* and Hoenders Herman J . 
* Department of Biochemistry of the Eye, 
I n s t i t u t e for Experimental Ophtalmology, 
University of Bonn, D-5300 Bonn-Venusberg, F.R.G. 
INTRODUCTION 
During aging the distribution of proteins in the lens changes 
considerably. These changes can be studied by determination of the changes 
in crystallin composition in various concentric layers of the same lens 
[23] or in a series of whole lenses differing in age [10]. Both approaches 
show similar results, namely an increase in the content of water-insoluble 
protein, HM- and B„-crystallin and a decrease in that of (5 - and γ-crys-
tallin. The formation of HM- and β -crystallin aggregates from mainly a-
η 
crystallin and ß-crystallin, respectively, are part of the post-translatio-
nal processes which take place in the aging lens together with selective 
C-terminal polypeptide chain degradation, deanndation of asparagine and 
glutamine residues, racemization of aspartyl residues, formation of 
disulfide and non-disulfide cross-links, decrease of water content and 
insolubilization [20.review] . 
Earlier studies examining age-related alterations in the protein 
distribution of the lens were mainly conducted with bovine lenses and 
little work has been done with rat lenses in this respect. Zigman et al. 
[33] compared the amount of insoluble protein and the composition of the 
soluble crystallin fractions of 35-day- and 1-year-old rat lenses and 
obtained similar results as in other species. The γ-crystallin fraction 
showed a fivefold decrease in the older lenses if it is expressed as 
proportion of the total protein content. Gel chromatography of rat lens 
crystallins usually yields five crystallin fractions [14,27,15: 1-day-, 
42-day- and 90-day-old rat lenses, respectively]. 
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In this section we describe the characterization of the water-
soluble rat lens proteins by high-pressure gel permeation chromatography 
(HPGPC) in combination with low-angle laser light scattering (LALLS) and 
the age-related changes in protein composition of whole lenses. Previous 
papers concerning rat lens proteins from longevity projects [19] describe 
already results obtained by isoelectric focusing [9] and isotachophoresis 
[8]. The characterization of water-soluble cortical and nuclear calf lens 
proteins by HPGPC-LALLS and electrophoretic methods is dealt with in 
section 3.2 [4] 
MATERIALS AND METHODS 
Preparation of water-soluble crystallrns from lens tissues 
Male Wistar rats of the same strain were purchased from the Central 
Institue for Animal Breeding, Hannover,F.R.G. These rats of known age were 
bred under standard sterile conditions of humidity, air oxygen content, 
temperature and food. Within the scope of a longevity study [19], rats 
were obtained of ascending age with a mutual age difference of exactly 
49 days. From a collection of 26 rats, 37- to 1211-day-old, we have 
taken 8 animals of an age of 86, 184, 380, 478, 674, 821, 1015 and 1211 
days, and we added Wistar rats of 6-10 and 24-day-old of other origin 
(1211 days represents 95% of the rat life expectancy). 
The lenses, prepared from enucleated eyes immediately after killing the 
animals, were homogenized (Ultra-Turrax) in 4 ml distilled water and 
centnfuged at 38 000»^ for 1 h at 40C. The supernatants and sediments 
were lyophilized and their dry weight determined. 
Rat lens proteins for molecular weight determination were prepared from 
Wistar rat lenses obtained from the Centraal Dierenlaboratorium Nijmegen. 
The age of these lenses was estimated using the lens weight - age relation-
ship given by Hockwin [19]. The lenses were homogenized gently (Potter-
Elvehjemn), minimizing the amount of HM-crystallin to be solubilized, in 
distilled water and centnfuged at 10 000«^ for 20 m m at 40C. 
High-Pressure Aqueous Gel Permeation Chromatography (HPGPC) 
HPGPC, based on size excusión, was carried out at room temperature in pre-
packed columns containing TSK GEL SW type, which were interconnected in 
sequence of descending pore size: GSWP (10x0.75cm), G4000 SW and 2)iG3000 
bW (60x0.75cm each) (Toyo Soda) The carrier buffer was composed of 0.10 M 
Na2S0u and 0.02 M Na-phosphate at pH 6.9 and was Millipore filtered and 
degassed under vacuum before use. Elution was performed at constant flow 
rate of 0.8 ml/min with pressures near 80 bar (pump. Knauer Type 52.00 or 
Altex/Beckman model I00A) Detection of proteins was performed with an 
ultraviolet absorbance detector at 212 nm (LC-UV, Pye Umcam or Altex/ 
Hitachi). The samples were prepared by dissolving lyophilized material in 
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eluс ion buffer at a protein concentration of I mg/ml unless stated other­
wise and clarified by centrifugación for 10 m m at 10 000«Ç7. Sample 
application was done with a loop injector (Valco CV-6-UHPa) using a 
100 yl loop. The areas under the peaks were determined and, because 
absorptivity is constant for all proteins at 212 ran, the areas can be 
correlated with absolute amounts on weight basis. Moreover, since the 
water content of the rat lens does not change during aging [12], the 
proportions of the crystalline can be correlated with concentrations. 
Lou-Angle Laser Light Scattering (LALLS) 
Molecular weight determination was done with a KMX-6 low-angle laser light 
scattering photometer (Chromatix) and a differential refractometnc 
detector (Melz: LCD 201) using a HP 3353 data system (Hewlet Packard) as 
described in sections I 5 and 3.2 [4] of this thesis. 
RESULTS AND DISCUSSION 
Size fractionation and molecular weight determination of rat crystalline 
Figure 1 shows the elution patterns of water-soluble crystallins 
from rat lenses of increasing age on TSK GEL SW type high-pressure gel 
permeation chromatography (HPGPC). The proteins of the individual rat 
lenses were separated into 5 groups of crystallins HM-, a-, 0 -, β,- and 
H L 
γ-crystallin in analogy with the results obtained on low-pressure GPC 
[14,15,18,27]. Because the resolving power of the HPGPC method is markedly 
better than that of low-pressure GPC we have to assign additional peaks 
and shoulders. Throughout this thesis the first peak is called HM-crys-
tallin, instead of o^- or polymeric a-crystallin used formerly [10,28], 
because the (super-)aggregates are not entirely built from a-crystallm 
entities In the rat lens HM-crystallm peak B-crystallin subumts were 
found by Cohen et al [15]. The second peak represents a-crystallin which 
sometimes was named a - or monomerι с α-crystal lin [10,28] In the g-crys-
tallin range we use numerical superscripts to indicate the number of sub-
units as introduced in chapter 3 [3,4] for calf lens ß-crystallms. 
Although the presence of B„-crystallin in rat lenses has not yet 
been demonstrated clearly, we have reasons to assign the small peak, 
arising in the valley between ß^- and γ -crystal 1 in of the 86- and 184-
day-old lens as β -crystallin Bovine β -crystal 1 in elutes at 74 4 m m 
while the minor peak between β2- and γ -crystallin in rat samples elutes 
L η 
practically at the same time under identical conditions lloreover, the 
molecular weight for both fractions was near 28 000 although the rat lens 
A ge t d«»ys 
—ι 1 1 1 ρ-
40 so 60 7o eo 
FIG. 1. High-performance gel permeation chromatography of soluble 
crystallins of the aging rat lens from 6- up to 1211-days of age. 
Samples: 100 yl 1 mg/ml; see text for assignment of the fractions. 
Sg-crystallm molecular weight could not be determined as accurate as the 
bovine one due to its relatively low concentration. The observation that 
the amount of B
s
-crystallin in rat lenses is lower than in calf lenses, 
can be confirmed on comparing isoelectric focusing patterns of bovine 
lens parts [ 7 ] and rat lenses [9] with respect to the relative intensities 
of the pH 7.0 band. The mere fact that this band occurs in total rat and 
bovine water-soluble crystallins as well as in purified ß.-crystallin [11] 
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is another indication for the presence of B
s
-crystallin in rat lenses. 
Moreover, on capillary isotachophoresis, where (purified) bovine B
s
-crys-
tallin migrates between glycine and valine, corresponding peaks were seen 
for bovine, mouse and rat lens crystal lins [8,11] . 
The reason for assigning γ - and γ,-crystal 1 ins is more arbitrary. 
π L 
Taking into account the differing molecular weight values (but not signi­
ficantly, shown below), the analogy with bovine crystallins [4] and tne 
observation that rat lens γ -crystallin becomes predominant in older 
η 
lenses, as was found for human and bovine γ„- (or cattle y-Jcrystallin 
π 
[21,22], the attribution of γ - and γ,-crystallin for these rat lens 
proteins is tenable. For the distinction between γ
Γ
 - and γ, -crystallin 
Li L2 
the only reason is the separation on HPGPC. 
Compared with elution patterns of rat lens proteins obtained by 
low-pressure GPC, an extremely low amount of β - relative to β,-crystallin 
η L 
is observed in the elution profiles of the younger rat lens extracts. 
Therefore, we assume that the ß-crystallins of rat lenses are also subject 
to concentration-dependent aggregation-dissociation reactions as already 
was shown for bovine ß-crystallins [3,26]. Support for this assumption 
is given by Hess et al. [18] who found dissociation of rat lens ß-crys-
tallin after alkylation in analogy with the results of Li [26] for bovine 
crystallins. Since the protein concentration in our samples was low 
(1 mg/ml), the association-dissociation equilibrium was strongly in favor 
of β -crystallin, because all samples had comparable concentrations, the 
relative amounts and variation with aging of (J - and β -crystallin are 
Η L 
significant. 
The molecular weights of the rat lens crystallins were determined 
by performing HPGPC with a low-angle laser light scattering (LALLS) 
detector. The elution patterns obtained by the light scattering photometer 
and the concentration detector (differential refractive index) for a 
20 mg/ml lens extract are given in the upper traces of figure 2. The lower 
part of figure 2 shows the elution patterns of the same samples 
applied at lower concentrations: 1, 3 and 10 mg/ml (detection by 
212 ran absorbance). It is clear that the crystallins elute at the same 
time independent of the sample concentration; however, the relative 
amounts of the ß-crystallins are concentration dependent. The approximately 
twofold increase in the ratio ß-Zß,- going from 1 to 20 mg/ml is evident 
H L 
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Реіещюл lime (fruol 
FIG. 2. Elution patterns o£ 1-year-old rat lens extract on HPGPC. Mode 
of detection and sample concentration from bottom to top: ultraviolet 
absorbance at 212 nm, 1 mg/ml; 10 mg/ml; differential refractive index, 
20 mg/ml; light scattering, 20 mg/ml (note that the signal in the HM- and 
a-crystallin region is attenuated by a factor 30). 
and in accordance with our assumption concerning the state of equilibrium 
of the B
u
-/6,-crystallin reactions at 1 mg/ml. 
η L 
The results of HPGPC-LALLS analyses are summarized in table I; the 
data concerning the 1-year-old lenses correspond to the elution patterns 
given in fig. 2; the elution profile of a 20 mg/ml lens extract obtained 
from the 100-day-old rat is given in the next section [6]. For comparison 
the corresponding data for calf lens crystallins determined under identical 
conditions can be found in section 3.2 [4] . It is not possible to give 
an unequivocal molecular weight for HM-crystallin because slight variations 
in the preparation procedure (homogenization method, duration and rate of 
centrifugation) can cause great differences in the molecular weight distri-
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TABLE I 
Molecular weights of the rat lens water-eoluble crystallins * 
100-day-old rat 1-year-old rat 
Mr V Mr ^ 
HM-crystallin 
Ol-crystallin 
B5¡10-crystallin 
6*-crystallin 
Sy-crystallin 
Вц-crystallin 
ß'-crystallin 
ß^-crystallin 
B.-crystallin 
Yjj-crystallin 
γ -crystallin 
YL-crystallin 
750 
100 
75 
50 
28 
22 
21 
20 
,o'
b 
000 
ooo
a 
000 
000 
ooo
a 
000 
000 
000 
(34.9 
(41.6 
(63.3 
(66.7 
(69.9 
(75.0 
(77.5 
(80.0 
(82.0 
min) 
min) 
min) 
min) 
min) 
min) 
min) 
min) 
min) 
,o'
b 
1 000 000 
>2·Ι05 Ь 
200 000 
160 000 
100 000 
50 000 
22 000 
(34.9 min) 
(39.9 min) 
(52.5 min) 
(55.0 min) 
(58.0 min) 
(63.3 min) 
(69.9 min) 
(77.5 min) 
* Ali molecular weights, determined at the peaks in the HPGPC 
elution patterns, are accurate within 2-5% except : 5-10% 
and : >10%. Retention times (t ) are accurate within 0.2 mm. 
bution of HM-crystallin. The actual molecular weights given represent the 
weight average values from the totally excluded fractions which consist in 
the case of TSK GEL G4000 SW type columns of material with molecular weight 
larger than 5-106 [5,24]. The value of 750 000 for a-crystallin isolated 
from a pair of 100-day-old rat lenses is similar to the values found for 
young a-crystallin from other mammals [6. the next section] The increase 
in molecular weight of rat lens a-crystallin with aging until an age of 
1 year, which can also be inferred from the peak-retention times, is ana­
logous with the situation in calf lenses. This fits nicely in the earlier 
proposed model for the quaternary structure of a-crystallin where a 
partially filled outer layer of subumts in young a-crystallin becomes 
more occupied with aging until the maximal molecular weight of 1.0-1.Ы0 6 
is reached [2,29: sections 2.1 and 1.3]. 
The quaternary structure of rat lens 6-crystallins is probably as 
dynamic as in the calf lens and the state of the several equilibria will 
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be affected by similar factors It is remarkable that the molecular weight 
of the predominant e -crystal 1 in peak has a significantly lower value than 
that obtained from calf lenses, with a molecular weight near 100 000 we 
suggest a tetrameric structure Furthermore, the shoulder in the trailing 
edge of the g2-crystallin peak is marked with molecular werghts between 
45 000 and 40 000, we suggest for this shoulder dimers built up from one 
or two smaller (relative to SB ) monomers A molecular weight of 28 000 
for β -crystal 1 in could be obtained although, due to the low concentration, 
this value is not as accurate as the one which could be determined with 
calf lens extract The fact that it could be discerned in young lenses but 
not in very young ones is in accordance with the results obtained from 
bovine lenses where Bç-crystallin is synthesized in the later stages of 
development [31] The γ-crystallin molecular weights are fairly accurate 
and the decreasing tendency going from γ - to γ
Γ
 -crystallin is as 
expected but the differences are too small to be significant 
Age-dependent variations m the distribution of rat lens proteins 
The percentages of the α-, β- and ï-crystallin classes and of the 
individual HM-, α-, β - and β -crystallin groups for the elution profiles 
H L 
in fig 1 are shown in figure 3a Although the HM-crystallin fraction is 
not entirely composed of a-crystallin entities [15], we feel it to be 
justified to add the amounts of both fractions to obtain the quantity of 
the total ot-crystallin class The HM-, a- and β -crystallin concentrations 
in the water-soluble fraction increase and tne β - and γ-crystallin 
amounts decrease with increasing age Similar results, obtained by Zigman 
et al [33], Lerman and Zigman [25] and SinhaDO], have been collected in 
a previous paper [10] The sharp decrease in γ-crystallin amount with 
aging can also be observed by comparison of the elution patterns of 1-day-
and 90-day-old rat lens crystallins given by Cohen et al [14,15] 
Moreover, the shoulder on the trailing edge of the γ-crystallin peak in the 
elution profile of the water-soluble proteins from the 1-day-old lens is 
likely to correspond with the peak of our γ -crystallin fraction 
Ь2 
For a better insight into the processes which take place in the 
aging rat lens we recalculated our results considering now the amount of 
the water-insoluble fraction since it increases continuously in the rat 
lens from 21% up to 61% [12] Fulhorst and Young [17] have shown by radio-
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FlG. 3. (a) Water-soluble crystallin weight proportions of the aging rat 
lens, calculated from the peak areas and the patterns in fig. 1.: Γα (A): 
total HM- and a-crystallin, Σβ (•). total g-crystallin, Σγ (о): total γ-
crystallin, HM (Δ): HM-crystallin, a (7): α-crystallin, Σβ (<·): total β -
crystallin, β (α): β -crystallin. Η 
(b) Protein «eight-proportions with respect to the water-soluble crys­
talline and the water-insoluble fraction. The data from (a) are combined 
with the content of water-insoluble dry weight [12]. Symbols correspond Co 
those used in (a); WI (»): water-insoluble fraction. 
labeling techniques that this fraction is derived from the soluble 
crystallins. Figure 3b shows the relative amounts of the water-soluble 
and the water-insoluble lens proteins The hM- and β -crystallin 
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fractions increase while virtually all other water-soluble crystallins 
decrease during aging. Notwithstanding the considerable enhancement of the 
water-insoluble fraction, the continuous increase of HM- and BH-crystallin, 
respectively, is manifest. 
Knowledge of the protein chemistry concerning this aggregation is 
still limited. Degradation of ct-crystallin polypeptides and the presence 
of other lens proteins are factors involved in the (super-)aggregation 
process leading to HM-crystallin [28]. The bovine β -crystallins contain 
some unique subumts not found in B.-crystallin which were supposed to be 
responsible for 6H-crystallin formation [32] but probably this process is 
more complex [3 section 3.1] The crystal 1 in composition of the water-
insoluble fraction of rat lenses as a function of age is currently under 
investigation It seems reasonable to assume that γ-crystaHin becomes 
already incorporated in the water-insoluble moiety of the lens in an early 
phase of life while the decreasing tendency of the total a- and ß-crys-
tallm classes suggests that these fractions also become involved in the 
insolubilization process Essentially the same conclusions were drawn by 
Zigman et al. [33] from electrophoretic analyses of rat lens insoluble 
proteins and preliminary findings concerning the presence of a-, 6- and 
γ-crystallins in bovine water-insoluble fractions [13] are also in support 
of this assumption. 
The sharp decrease in γ-crystallin proportion and the initial 
increase in α-crystal lin concentration in the early phase of rat life is 
marked and must be caused by alterations in the crystal lin synthesis. 
These alterations coincide with the 'inflection point' seen in the growth 
curve where the lens weight is plotted against the animal's age [19]. We 
feel that the most important reason for the non-linearity in the curves 
drawn in fig 3b is a decrease in γ-crystallin synthesis, perhaps 
concerning only γ -crystallins, occurring at a relatively early phase of 
life. The analogy with bovine lenses would be one argument [7] and linear 
regression analyses of the data involved do also point in this direction. 
Including all data from the upper part of fig. 3b in linear 
regression analyses, presented in table II, it can be seen that no crys-
tallin class follows a linear increase or decrease with aging; only the 
water-insoluble fraction can be considered to increase linearly as function 
of age (1 s t column) If we consider the age-relatedness to be logarithmic, 
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TABLE II 
Linear regression analysée of protein weight-proportions in the aging 
rat lens * 
recalculated data 
omitting the Y-
crystallin moiety 
age'.linear ageilogarittmic age: linear 
'^~~r (S ) r (S 5 r ( S Γ y.x y.x y.x 
total HM- and a-crystallin +0.04 (5.0) +0.42 (4.2) -0.90 (2.9) 
total S-crystallin -0.63 (2.6) -0.34 (3.1) -0.86 (3.4) 
total γ-crystallin -0.77 (11 ) -0.98 (3.5) 
water-insoluble fraction +0.93 (6.0) +0.97 (3.9) +0.94 (4.3) 
* Correlation coefficients (r) and standard deviations of the 
regression lines (S ) were calculated from the data given in the 
upper part of fig. 3b. 
s > s .[(]-
г
2)ЛЦ.]і ; η=ιο 
y.x y n-2 
distinct improvements in the correlation coefficients for the γ-crystallin 
and the water-insoluble fraction proportions are found (2 n column). Thus, 
if all data should be considered in one analysis, the increase in the 
relative amount of the water-insoluble fraction and the decrease in γ-
crystallin are correlated with the logarithm of age which holds also true 
for the rat lens weight [19] . To investigate the possibility whether the 
exponential decrease in γ-crystallin concentration masks linear relations 
between the other crystallin proportions and age, we recalculated the 
relative amounts of the water-insoluble fraction, a- and ß-crystallins. 
The correlation coefficients which could be calculated with these data 
are given in the third column of table II and the improvements concerning 
a- and B-crystallin are obvious. 
In the light of the present results, it is interesting to consider 
the data obtained by Askren et al. [1] on the variation of sulfhydryl 
concentration along the visual axis of aging rat lenses, and those of 
East et al. [16]. Using laser Raman spectroscopy, they found a drastic 
age-dependent decrease in the sulfhydryls in the nuclear lens part. For 
lenses from 7.5-month-old or older animals no sulfhydryls could be 
detected in the nucleus anymore. Moreover, only half of the amount of 
sulfhydryls present in young lenses were found in the cortical regions 
of older lenses. It was indicated that the loss in sulfhydryl is partly 
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due to formation of disulfide cross-links and that glutathione plays only 
a negligible role in this process. Finally, they suggested that γ-crys-
tallin should be preferentially involved because of its high sulfhydryl 
content. Our data, although obtained from total lenses, confirm this 
suggestion very nicely. 
To conclude we can state that the α-, β - and γ -crystallin 
L π 
contents decrease gradually during aging, while HM- and β -crystallin 
Η 
proportions and to the greatest extent the amount of the water-insoluble 
fraction increase. The γ-crystallins become incorporated directly into 
the water-insoluble moiety and a- and ß-crystallins must also be involved. 
It would be interesting to know whether the a- and ß-crystallin entities 
incorporated in the water-insoluble fraction have to be aggregated first 
to become HM- or β -crystallin or if the a- and β
τ
-crystal 1 ins can 
ti L 
participate in the insolubilization process directly. The inflection point 
in the growth curve can be correlated with the disappearance of the γ -
crystallins from the water-soluble fraction in the aging rat lens. 
A detailed study of the three rat lens γ-crystallins which can be separated 
on TSK GEL SW type HPGPC could give a better insight into the processes 
involved. 
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5 . 2 COMPARATIVE AND AGE-DEPENDENT ASPECTS OF CRYSTALLIN 
SIZE AND DISTRIBUTION IN HUMAN, RABBIT. BOVINE, 
RAT, CHICKEN, DUCK, FROG AND DOGFISH LENSES 
B i n d e l s , Jacques G., Bessems, George J . H . , de Man, Ben M. and 
Hoenders, Herman J . 
INTRODUCTION 
In spite of i t s similar function in a l l vertebrate eyes, the lens 
varies considerably in shape and consistency Wide variations in protein 
content, v iz. from 20% (pigeon) to 50% ( t r o u t ) , and composition occur [27]. 
The organ-specific structural proteins (crysta l l ins) have been c lassi f ied 
into four main classes; a- and f i-crystal l ins are found in a l l vertebrates, 
γ-crysta l l in has only been characterized as such in mammalian, amphibian 
and f ish lenses while δ-crystal l in appears to be specif ic for birds and 
repti les [reviews 10,27]. 
Subumt compositions, immunological react iv i t ies and primary 
structures of a-crysta l l in have been determined for numerous species and 
revealed a better insight into i t s evolutionary history [24,25,37]. a-Crys-
t a l l i n is a multimene protein consisting of two types of subumts with 
molecular weights near 20 000, i t has an isoelectr ic point near 5 and is 
composed of 20 to over 50 subumts (bird a-crystal l in is smaller than the 
mammalian protein). Comparative studies on the ß-crystal l ins were mainly 
conducted by Zigler and Sidbury [48-51] who investigated the subumt 
compositions and antigemcal determinants. At least two size fractions are 
mostly found which are bu i l t from similar subumts: β - comprises dimers 
and trimers and ß - c r y s t a l l m aggregates are bu i l t up from four or more 
η 
subumts with molecular weights ranging from 22 000 to 32 000 [2,3,20]. 
Although the β -crystal lins contain some unique polypeptide chains 
stabilizing their quaternary structure, dissociation and aggregation 
transitions between β and β size fractions have been induced by 
Η L 
altering the protein's environment [2,5,32,33]. 
The γ-crystallins represent a class of monomeric lens proteins with 
molecular weights near 20 000 and mostly neutral to basic isoelectric points. 
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Primary structure data of four γ-crystallins have been known for about a 
decade [14] and 3-dimensional structures have recently been reported for 
γ - and γ -crystal li η [6,9]. Comparative data for other species comprise 
amino acid compositions, electrophoretic patterns and immunological 
relationships [27]. 6-Crystallin, for which isoelectric points have been 
found in the same region as for ß-crystallins (pi between 5.0 and 7.0), 
has a very unique structure: it is the only crystallin having appreciable 
α-helical structure [47] and it consists of four subunits with molecular 
weights between 45 000 and 50 000 [41,44]. Comparative studies between bird 
and reptile 6-crystallin have been performed on the secondary and tertiary 
structure level [22] and on the basis of similarities in amino acid sequence 
[26] as well as in DNA sequence [46]. 
In regard to earlier comparative studies on crystallin size and 
distribution variations, the work of Cobb III et al. [11-13] should be 
mentioned. They determined the distribution of the soluble proteins from 
41 species by electrophoretic and sedimentation analyses. In the last decade, 
gel permeation chromatography (GPC) and isoelectric focusing were used to 
establish the crystallin distributions in various species [7,8,24,39,45,48,50]. 
The crystallin proportions for one and the same species, determined 
by the aforementioned methods, differ substantially. The molecular weights 
reported were mostly calculated from the relative elution volumes of 
calibrated GPC columns; this metod usually yields errors near 20% [21,36]. 
Recently, we introduced high-pressure GPC on TSK GEL SW type columns 
in combination with low-angle laser light scattering (LALLS) detection [3,5]. 
Advances using this technique are: the high speed and resolving power of 
high-pressure GPC, the direct molecular weight determination by LALLS, 
and the ability to determine the proportions of the crystallins directly 
on a weight basis by measuring the areas under the elution curve obtained 
with a differential refractive index detector. In this section we report 
comparative data of crystallin size and distribution obtained from eight 
vertebrate species representing four classes. Moreover, extracts from 
different maimialian lens parts (cortex, nucleus) or lenses obtained from 
differently aged mammals were compared to obtain an impression of 
age-related alterations. 
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MATERIALS AND METHODS 
Calf (Bos taurus y 3 to 6-month-old) lenses were obtained from the local 
slaughter house. The cortical and nuclear lens extract preparation procedure 
was described in section 3.2 [3]. Rabbit (Oryotolagus auniaulus, 6-month-
old) and rat (Rattus noruegi-aus, 100-day- and 1-year-old) lenses were 
obtained from Centraal Dierenlaboratorium Nijmegen. The íO-year old human 
(Homo sapiens) lens was obtained from dr. G. van Rij (Eye hospital, Rotter-
dam); the newborn human lens was a gift from dr. P.J. Ringens. Adult human 
and rabbit lens parts were prepared as described by van Haard et al. [18]. 
The water-soluble extracts were made by gentle homogenization (Potter 
Elvehjem ) of the human, rabbit and rat lenses or lens parts in elution 
buffer and centrifuged at 10 000«<7 (Beekman Minifuge B) for 20 m m at 4 C. 
Chicken (Gallus gallus, 12-week-old) and Peking duck (Anas platyrhynehos) 
lens extracts and lyophilized frog (Rana temporaria) and spiny dogfish 
(Squalus aaanthias) lens proteins were obtained as a gift from drs. S.O. 
Stapel and dr. W.W. de Jong. The lyophilized proteins were dissolved in 
elution buffer and the solutions were clarified by centnfugation for 
10 m m at 10 000*g. 
High-pressure gel permeation chromatography was performed at room temperature 
with 0.10 M N32301,-0.02 M Na-phosphate pH 6.9 using a combination of TSK GEL 
SW type columns (GSWP (precolumn, 0.75» 10cm), G4000 SW and 2»G3000 SU (each 
0.75»60cm)) and an elution rate of 0.8 ml/min [3,5]. Detection was done with 
a low-angle laser light scattering photometer (Chromatix: KMX-6) and a 
differential refractive index detector (Melz: LCD 201). Data reduction was 
performed with a Hewlett Packard 3353 data system; areas from merged peaks 
were established by drawing perpendiculars in the minima between the peaks. 
Dependent on the protein concentration, 100μ1 or 200μ1 were applied; the 
total amount of protein injected for one analysis was between 4 and 7 mg. 
Because of the strong tailing of the HM- and a-crystallin fractions in the 
elutions of nuclear extracts from human, calf and rabbit lenses, it was 
necessary to remove these fractions prior to molecular weight determinations 
of the β- and γ-crystallins (Beekman Airfuge, 90 m m at 100 000«g). 
Sodium dodecylsulfate Polyacrylamide gel electrophoresis was done 
essentially according to Laemmli [31]. Details and sample preparation 
procedure are described in section 3.2 [3]. 
RESULTS AND DISCUSSION 
High-performance gel permeation chromatography (HPGPC) elution 
patterns from thirteen lens extracts obtained from eight species representing 
four classes can be seen in figures 1-3 and 5 Tables I-III give the relative 
amounts of the water-soluble crystal 1 in groups and molecular weight values 
determined for the several size fractions (indicated by arrows in the 
chromatograms and by their retention time in the tables). The retention 
times given in tables I-III are only meant to indicate the various fractions. 
They should not be considered as absolute values, comparison between the 
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elution times of a certain fraction is only relevant for the patterns of 
one and the same figure. 
In this study we put together the proportions of the a- and HM-
crystallin fractions to obtain the total amount for the a-crystallin group. 
Although we are aware that HM-crystallin contains some non-a-crystallin 
components [section 4.2; 4] , quantification of these consituents was not 
feasible. The recently introduced nomenclature to designate the calf and 
rat lens g- and γ-crystallin fractions [sections 3.2 and 5.1; 3,5], 
separated by HPGPC, is also employed for the other species; the superscript 
indicates the number of 6-crystallin subunits. The identities of the 
mammalian low molecular weight (LM) crystallins have not yet been 
estabished conclusively. Since human and bovine β - and γ -crystallins 
S H 
appear to be related [2,3,15,19,28], it is difficult to identify these 
proteins, especially for other species. We designated the bovine and rat 
28 000 dalton fractions β -crystallin [3,5]. Although Croft [14] and 
Croft and Tabet [15] reported a β -crystallin fraction in human lenses and 
Kabasawa et al. [29] found both β - and γ-crystallin, Zigler et al. [52] 
could only characterize a 24 000 dalton fraction with both γ- and ß-crys-
tallin properties. 
Rabbit (fig. 1) 
Figure 1 presents the differential refractive index (DRI) elution 
profiles for cortical (middle trace) and nuclear (lower trace) rabbit 
crystallins; DRI detection reveals a protein concentration profile and is 
not affected by the nature of the individual proteins. The upper trace 
represents the molecular weight-dependent detection profile obtained for 
the cortical extract using the low-angle laser light scattering (LALLS) 
photometer. Combination of the DRI and LALLS patterns, which were recorded 
simultanuously, reveals the crystallin molecular weights (table I). Using 
agarose GPC, Liem-The and Hoenders [34,35] also found three rabbit ß-crys-
tallin fractions. The fractions designated as β - and β -crystallin were 
found to have sedimentation coefficients similar to those of calf β - and 
η 
β
τ
-crystallins and must therefore correspond to our 0Í- and ßf-crystallin 
L H L 
fractions. The ß3-crystallin fraction was assigned to ß-crystallin because 
of its pi values below 7.0. Its s-value of 2.2 S and the main component of 
22 000 dalton seen on the sodium dodecylsulfate electrophoretic patterns 
suggests a monomeric structure. We now state that the rabbit 22 000 dalton 
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fraction, designated in table I as γ -crystallin, is identical with 
0 -crystal 1 in characterized by Liem-The and Hoenders [34]. More acidic 
isoelectric points for γ - (or LM-) crystallin compared to γ -crystallin 
have been found earlier for the calf and human fractions [3,52]. 
Mostafapour and Reddy [38] assigned four peaks, found on Sephacryl-S200 GPC, 
to ß-crystallin. Since their 8,-crystallin appeared to correspond to bovine 
& -crystallin, we suppose that their ßj-, e2-, B3- and ß^-crystallin 
fractions are identical to our B^-, B¿-, В£-. and YH-crystallin, 
respectively (table I). On comparing our molecular weight values with their 
data, it may be inferred that their values were overestimated. 
Retenl on time (min) 
FIG. I. High-performance gel permeation chromatography of rabbit cortical 
and nuclear water-soluble lens proteins. Elution profiles from bottom to 
top: differential refractive index (DRI) detection of nuclear crystallins, 
differential refractive index detection of cortical crystallins and 
low-angle laser light scattering (LALLS) detection of cortical extract 
(note that the signal in the HM- and a-crystallin region is attenuated by 
a factor 20). The several size fractions for which molecular weight values 
are given in table I are indicated by the arrows. 
TABLE I . Molecular weights and composition of rabbit, calf and rat crystallms 
rabbit 
cocCex 
rabbit 
nucleus 
calf 
cortex 
calf 
nucleus 
rat 
100-days-old 
rat 
1-year-old 
HM- and 
a-crystallin 
fraction 
mol weight 
A -crystallin 
H 
fraction 
mol. weight 
fraction 
mol. weight 
fraction 
mol. weight 
¡5 -crystallin 
fraction 
mol. weight 
fraction 
mol. weight 
LM-crystallin 
fraction 
mol. weight 
fraction 
mol. weight 
γ -crystallin 
fraction 
mol. weight 
fraction 
mol. weight 
36% 
43.5 min (α) 
720 000 
60.5 min (g°) 
165 000 
29% 
67.1 min (β3) 
72 000 
70.2 min (β.2) 
50 000 
12% 
7 5 2 min (γ ) 
22 000 
9% 
81.2 min (γ.) 
20 000 
33% 
39.3 min (α) 
1 300 000 
14% 
60.9 min (β°) 
165 000 
20% 
66.8 min (β3) 
73 000 
71.9 min (β2) 
52 000 
8% 
77.4 min (γ ) 
23 000 
25% 
80.9 min (γ ) 
20 000 
40% 
44.5 min (α) 
780 000 
18% 
57.6 min (β«) 
200 000 
60.0 min (β') 
160 000 
64.8 min (β*) 
100 000 
27% 
69.0 min (β3) 
80 000 
72 2 min (β2) 
50 000 
6% 
78.0 min (β ) 
28 000 
80.0 min (γ ) 
23 000 
9% 
83.6 min (γ ) 
20 000 
35% 33% 
41.0 min (α) 44.9 min (u) 
1 100 000 750 000 
26% 12% 
55.0 min (ß|y10) 
270 000 
61.5 min (βί) 
135 000 
65.0 min (β*) 65.0 min (β£) 
110 000 100 000 
11% 26% 
68.7 min (β3) 68.1 min (β3) 
80 000 75 000 
72.0 min (β2) 72.0 min (β2) 
50 000 50 000 
5% 11% 
77.2 min (β ) 77.5 min (β ) 
28 000 28 000 
80.0 min (γ
Η
) 
22 000 
23% 18% 
45% 
41.5 min (a) 
1 000 000 
17% 
56.5 min (βί) 
200 000 
60.0 min (tó) 
160 000 
65.5 min (β») 
100 000 
28% 
72.0 min (β2) 
50 000 
5% 
80.0 min (γ
Η
) 
22 000 
4% 
83.5 min (γ ) 83.0 min (γ ) 
20 000 21 000 ' 
84.8 min (γ ) 
20 000 2 
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FlG. 2. High-performance gel permeation chromatography of calf and rat 
lens proteins. Elution profiles (differential refractive index detection) 
from top to bottom: 100-day-old rat lens, 1-year-old rat lens, calf cortex 
and calf nucleus. The several size fractions for which molecular weight 
values are given in table I are indicated by the arrows. 
Calf and rat (fig. 2) 
Elution patterns similar to the three lower profiles shown in 
fig. 2 have been presented and discussed earlier [sections 3.2 and 5.1;3,5] ; 
they are included in this section for comparative reasons. The proportions 
of the crystal 1 in groups given in table I have not yet been presented. 
Man (fig. 3) 
In figure 3 the elution patterns of human crystallins can be seen. 
The differences in proportion and structure of the crystallins obtained 
from the newborn lens and the 40-year-old nucleus must be attributed to 
age-related phenomena. 
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For the normal adult human 0-crystallins Jedzimak et al. [45] 
found molecular weight values of 140 000, 82 500 and 39 000 using 
calibrated Sephacryl-S200 GPC. These values are somewhat lower than those 
obtained by LALLS which are included in table II. Ringens et al. [43] 
determined sedimentation coefficients for both fetal and adult 0-crystallins. 
On comparing their s-values of 7 9 and 3.6 S for В.- and ß3-crystallin, 
respectively, with the values for calf cortical ßH- and β -crystallin 
(8 3-7 3 and 3.6 S, respectively) [2], it is obvious that these fractions 
have similar structures in both species. Since the s-value for human β,-
crystallin is higher than for calf ß'-crystallin (4.6 S), we propose a 
tetrameric structure for this human protein In the newborn lens we as well 
as Zigler et al [52] could only detect two populations of γ-crystallin, 
from fetal lenses Augusteyn et al obtained three γ-crystallin size 
fractions on GPC [1]. 
BO 9 0 
Retention t me (m n) 
FlG. 3. High-performance gel permeation chromatography of human lens 
proteins. Elution profiles (differential refractive index detection) from 
top to bottom: newborn lens, 40-year-old lens nucleus and 40-year-old lens 
cortex. The several size fractions for which molecular weight values are 
given in table II are indicated by the arrows. 
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TABLE I I 
Molecular weights and composition of human crystalline 
newborn 
whole lens 
40-years-old 
nucleus 
40-years-old 
cortex 
HM- and 
ct-crystallin 
fraction 
mol weight 
35Z 
43.5 mm (α-) 
625 000 
17Z 
39.5 min (α-) 
1 200 000 
20% 
40.5 min (α-) 
820 000 
β -crystal l in 
fraction 
mol. weight 
fraction 
mol. weight 
g -crystal l in 
fraction 
mol. weight 
LM-crystallin 
fraction 
mol weight 
γ -crystallin 
fraction 
mol. weight 
23Z 
60.5 m m (К5-) 
120 000 
64.1 min (β^ -) 
84 000 
17% 
69.3 min (g2-) 
48 000 L 
9% 
76.6 mm (γ -) 
23 000 
16% 
80.0 min (γ -) 
20 000 
32% 
59.7 min (еД"в-) 
160 000 
64.1 min (g¿-) 
90 000 
15% 
70.8 min (β2-) 
46 000 
23% 
76.4 min (γ -) 
22 000 
13% 
80.1 min (γ -) 
19 000 
29% 
59.1 min (β'-6-) 
170 000 
64.1 min (β*-) 
95 000 
15% 
71.4 min (β2-) 
46 000 
21% 
76.6 min (γ -) 
24 000 
15% 
80.0 min (γ -) 
20 000 L 
The age-related alterations in protein structure which can be found 
on comparing the nucleus of the 40-year-old lens and the newborn lens, are 
further illustrated by the SDS electrophoresis pattern shown in fig.4 The 
B-crystallin lanes for the newborn lens shows very discrete bands, in the 
β, fraction the extremely high amount of the putative βΒ -chains and 
L ρ 3 -like bands are remarkable The γ -crystallin fraction 
1 Η 
the presence of 
reveals one principal band with a mobility corresponding to molecular 
weight of 22 000 and in the γ -crystallin lane several bands ranging from 
18 000 to 21 000 dalton can be observed. The three aged ß-crystallin size 
fractions all appear to have similar subumt compositions For the aged 
LM-crystallins we estimate a molecular weight range of 24 000 to 21 000, 
this is in accord with the results obtained by other investigators [29,52] 
and our LALLS data. The approximately 10 000 dalton component seen in the 
γ -crystallin lane represents degraded polypeptide chains originating from 
various lens proteins [16]. 
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FlG, 4. Sodium dodecylsulfate electrophoresis of human crystallins 
obtained from a newborn lens (left) and the nucleus of a 40-year-old lens. 
The applied fractions correspond to those indicated in table II and fig. 3. 
For comparison total crystallins (Σ) were applied. , ' 
Duck, chicken, frog and dogfish (fig. 6) 
Amongst the sub-mammalian vertebrate species, the chicken has been 
the most popular animal for embryologists, geneticists and biochemists to 
investigate numerous aspects of its lens. In figure 6 (second trace from 
the bottom) the chicken lens protein eluti on pattern can be seen. Most 
characteristic is the 6-crystallin peak. δ-Crystallin, first found by Rabaey 
[42] and designated as F.I.S.C. (first important soluble crystallin), 
comprises approximately half of the soluble chicken crystallins (table III). 
This is in agreement with the results from Rabaey [42], Cobb III et al. 
[12], Genis-Galvez et al. [17] and Piatigorsky et al. [40]. Investigators 
using low-pressure GPC have reported considerably lower values for the 
δ-crystallin proportion [39,45,47,50]. Watanabe and Kawakami [45] performed 
Sephadex-G200 GPC at pH 9.0 which dissociated the co-eluting ß-crystallins. 
Their á-crystallin proportion of 19.5% was obtained by determining the areas 
under the chromatographic peaks detected by absorbance measurements at 
1 ζ 280 nm. However, because the absorptivity for δ-crystallin (A '' , : 4.0; r
 ^
 v
 280,1 cm 
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Piatigorski et al. [41]) is only half and even less than one fifth of the 
values for a-crystallin and β- and γ-crystallin, respectively (based on the 
values for bovine crystallins, van Kamp and Hoenders 130) ), it should be 
clear that the real 6-crystallin proportion is much higher than 20%. We 
also find a higher a-crystallin content than most other investigators [39,45. 50]. 
SDS electrophoresis (gels not shown) revealed that the shoulder in the 
δ-crystallin peak corresponds to g -crystallin; it comprises, roughly 
estimated, about one fifth of the total é-crystallin peak. Our δ-crystallin 
molecular weight value of 185 000 is in agreement with that determined at 
A J 
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FlG. 5. High-performance gel permeation chromatography of dogfish, frog, 
chicken and duck lens proteins (top to bottom; differential refractive 
index detection). The several size fractions for which molecular weight 
values are given in table III are indicated by the arrows. 
TABLE III. Molecular weights and аотровгііоп of duck, chbcken, frog and dogfish oryetallins 
duck. chicken frog dogfish 
HM- and 
a-crystallin 
fraction 
mol. weight 
ä-crystallin 
fraction 
mol. weight 
g -crystallin 
π 
fraction 
mol. weight 
fraction 
mol. weight 
¡5 -crystal 1 in 
fraction 
mol. weight 
fraction 
mol. weight 
γ-crystallin 
fraction 
mol. weight 
16% 
46.0 m m (α-) 
510 000 
57% 
60.0 min (6-) 
185 000 
14% 
52.0 min (Κϊ16-) 
440 000 
63.0 min (B¿-) 
120 000 
11% 
66 5 min (β3-) 
75 000 
68.2 min (S2-) 
60 000 L 
2% 
21% 
45.5 min (a-) 
535 000 
53% 
60.0 min (δ-) 
185 000 
14% 
57.3 min (B'-) 
190 000 
65.5 min <B¿-) 
100 000 
12% 
67.5 min (BT3-) 
85 000 
69.5 min (B2-) 
50 000 
20% 
44.0 min (a-) 
700 000 
17% 
43.8 min (a-) 
710 000 
16% 
55.0 min (В; 1 2-) 57.0 min (B??10-) 
325 000 
65.2 min (В'-) 
105 000 
20% 
68.3 min (B.2-3-
65 000 
70.8 min ( ? ) 
40 000 
48% 
75.5 min (γ-) 
22 000 
230 000 
65.6 min (β*-) 
110 000 
22% 
67.2 min (B2"3-) 
65 000 
45% 
75.5 min (γ-) 
23 000 
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sedimentation equilibrium (200 000, Piatigorsky et al. [41] ). 
The duck lens elution pattern (fig. 5, lower trace) looks rather 
similar, albeit that the g-crystallins occur in different aggregation 
states than in the chicken lens extract. The 6-crystallin molecular weight 
is identical to that found for the chicken protein. SOS electrophoresis 
showed that the material isolated during the δ-crystallin elution contained 
only a minor amount of g-crystallins (approximately 5%). The bird lens 
chromatograms show no appreciable amounts of γ-crystallins with molecular 
weights near 20 000; similar conclusions may be drawn on comparing the 
sedimentation profiles provided by Cobb III et al. [12]. 
The frog and dogfish elution patterns (fig. 5 upper traces) are 
similar to those obtained by low-pressure GPC [24,50,51]. The large amount 
of low molecular weight crystallms is remarkable. Zigler and Sidbury [50] 
showed that the frog lens contains an unclassified crystallm a monomeric 
protein with a basic isoelectric point and a molecular weight near 37 500. 
Considering the molecular weight value, it is likely that our 70.8 m m 
fraction, amounting to 15% of the frog lens proteins, is identical with 
the unclassified crystallm. The designation as γ-crystallin for the 
dogfish low molecular weight fraction is disputable since it did not react 
with anti-bovine γ-crystallin serum [51]. Amino acid analysis of this 
fraction revealed a large arg-lys ratio [51] which appears to be specific 
for γ -crystallms (cf. the data compiled by de Jong [27]). 
CONCLUSIONS 
Gel permeation chromatography of thirteen lens extracts originating 
from eight species representing four classes are given together with the 
proportions and molecular weights of the principal lens protein fractions. 
Age-related changes were determined for mammalian crystallms. 
In young manmalian lenses the a-crystallin group comprises 33-45% 
of the total water-soluble protein. The young α-crystal 1 in molecules are 
built up by 30 to 40 subumts. On aging the a-crystallm size increases, 
molecular weights between 1 0·106 and 1.3-106 are found HM-crystallin is 
only present in appreciable amounts in the older lenses or lens parts. 
The g-crystallins , which are the inmunologically best conserved 
lens proteins during evolution [48,51], make up 33-50% of the manmalian 
lens proteins. Many oligomeric structures are found: dimers, trimers, 
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tetraraers, pentamers, hexamers and even larger aggregates. Although the 
amounts of the ß-crystallin fractions appear to be species-specific, the 
β -/fi -crystallin ratio increases upon aging which can be observed on 
Η L 
comparing the rabbit and calf cortex and nucleus,and the young and older 
rat and human lens. In this respect it has to be noticed that the adult 
human cortex and nucleus are much more alike than the rabbit or calf lens 
parts are. 
The monomeric mammalian crystallins are divided into two groups: 
γ -crystallins with molecular weights very close to 20 000 and LM-crystallins 
with slightly higher molecular weight values. Except for the adult human 
lens parts, it appears as if γ -crystallin synthesis is slowed down after 
a certain period of time; this is inferred from the relatively high amounts 
in the nuclear parts and the young lenses. 
In the sub-mammalian vertebrate species studied, the a-crystallin 
amount was near 20%. Bird a-crystallin has an considerably lower molecular 
weight than the marmialian, amphibian or fish protein. Half of the soluble 
protein in bird lenses is δ-crystallin. For the lower vertebrates, nearly 
half of the crystallins comprises γ-crystallin. As in manmalian ß-crys-
tallins, the sub-mammalian protein occurs in several aggregation states. 
It should be noticed that most fractions in this study were assigned 
indirectly, based on their molecular weight and considering various other 
investigations. Owing to the better resolving power of high-pressure GPC, 
and the universal protein concentration detection, the crystallin 
proportions are far more reliable than those obtained from GPC by determining 
the areas under the 280 nm absorption profiles Molecular weights determined 
by GPC on columns calibrated with standard proteins may also be subject to 
substantial errors due to non-spherical crystallin size or specific column 
interactions. 
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SUMMARY 
The aim of the investigations described in this thesis was to continue 
a fundamental approach in order to extend our knowledge about the structure 
of the crystallins. This is a prerequisite to understand the age-related 
processes occurring in the lens and their relation to cataractogenesis. 
In chapters 2, 3 and 4 studies concerning the quaternary structures of 
a-, B- and HM-crystallin, respectively, are reported. Chapter 5 deals with 
age-related and comparative aspects of crystallin size and distribution. 
Section 2 1 is based on previous work of Siezen et al. and data on the 
stepwise urea-induced dissociation behavior of calf cortical o-crystallin. 
A model for the architecture of α-crystal 1 in, based on a spherical three-
layer subunit arrangement, is proposed Important features are that the 
B-chains must, at least partly, be solvent-exposed and should, therefore, 
be located in the outer two layers. It is suggested that the outer layer 
may only partly be occupied by subumts, this seems appropriate to interpret 
the earlier established microheterogeneity and the increase in molecular 
weight upon maturation of a-crystallin. 
Support for this model was obtained by equilibrium studies on the 
stepwise dissociation and reassociation in urea and guamdine-HCl using 
sedimentation, fluorescence and circular dichroism methods (section 2.2) 
and by an investigation of the reaction of a-crystallm with citracomc 
anhydride (section 2.3). It was found that the primary dissociation step 
(native 19 S α-crystallin into 12-15 S intermediates), induced by 
intermediate concentrations of urea and guamdine-HCl or by adding a fair 
excess of citracomc anhydride, was essentially irreversible. The ability 
of citracomc anhydride to react with all B-chains and 60% of the A-chams 
without disrupting the quaternary structure, is in agreement with the model 
proposed in section 2.1 No preferential location for the deamidated 
Α-chains either in the core or in the outer layers could be found 
In section 2.4 work is described dealing with a reinvestigation of the 
α-crystal 1 in dissociation behavior analyzed by gel permeation chromatography 
(GPC) in intermediate concentrations of urea. This became posssible after 
the introduction of high-pressure GPC (HPGPC) combined with low-angle laser 
light scattering (LALLS) detection. The elution patterns at urea 
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concentrations between 2.6 and 4.4 M and the character!zation of the 
dissociation products by their molecular weight, fluorescence emission 
wavelength and subumt composition were, again, found to support the model. 
The interpretation of the first data on the partial urea dissociation 
(section 2.1) turned out to be incomplete. The presumed existence of the 
second dissociation step product, a core aggregate with molecular weight 
between 250 000 and 300 000, could be affirmed. 
Investigating the effects of variation in ionic strength and protein 
concentration on the low-pressure GPC elution of calf lens extract and 
the subsequent characterization by sedimentation velocity, we found that 
6 -crystallin aggregates are subject to concentration-dependent 
H 
dissociation into smaller aggregates (section 3.1). It was inferred that 
this reversible aggregation-dissociation behavior is mainly affected by 
hydrophilic interactions. A R -crystallin fraction containing trimers (β3) 
has been characterized. 
Initially we believed that the monomeric fraction eluting between $l·-
and γ-crystallin was identical with β -crystallin, though its mobility on 
sodium dodecylsul fate (SDS) electrophoresis (M : 22 000) puzzled us. Later, 
when high-pressure GPC combined with LALLS became available (section 3.2), 
we found two peaks eluting between the β 2- and the 20 000 dalton γ-crys-
tallin. The first one could be identified as ß.-crystallin because of its 
molecular weight of 28 000, determined both by LALLS and SDS electrophoresis. 
The second one with molecular weight values of 22 000 and 23 000 was assigned 
to γ -crystallin, formerly found only in older lenses. The superior 
resolution of the HPGPC-LALLS technique resulted in the characterization 
of eight differently-sized oligomenc ß-crystallin aggregates βΓ"12, β" 1 0, 
Η Η 
β', β', β', β,",, β' and β,2. Other findings described in this section are 
ri H ti ti L L 
the determination of a polydispersity factor (1.14) for calf cortical a-
crystallin, the co-elution of putative cytoskeletal proteins with certain 
ß-crystallins, and the presence of acidic as well as 15 000 dalton poly-
peptides in the β -crystallin fraction, possibly belonging to FM-crystallin. 
Chapter 4 deals with the structure of bovine high molecular weight 
aggregates which are generated upon aging and are assumed to be intermediates 
in the insolubilization process In section 4.1, a chromatographic phenomenon 
is described which gives rise to an artificial peak between the void volume, 
where the large HM-crystallin aggregates are eluted, and the a-crystallin 
peak. It is shown that this has to be ascribed to the use of a combination 
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of column supports with different pore size. Therefore, the alternative to 
explain the occurrence of such a peak, namely the existence of discrete 
sub-populations in bovine HM-crystallm turned out to be unlikely. 
In section 4.2 the subunit composition of bovine HM-crystallin, analyzed 
by two-dimensional gel electrophoresis is given. The presence of non-α -
crystallm components has been clearly demonstrated, g-crystallins and 
40-43 000 dalton polypeptides were found and a minor fraction of the latter 
ones was identified as actin. HM-crystallin appeared to be an excellent 
substrate for trypsin. The 40-43 000 dalton subumts were found to be 
attacked first and since this was decomponied by a considerable decrease in 
molecular weight, it was inferred that these putative cytoskeletal and/or 
extrinsic membrane proteins fulfill an important role in the age-dependent 
super-aggregation process. 
In section 5.1 age-related variations in the distribution of rat lens 
water-soluble crystal lins are described. Applying the HPGPC-LALLS technique, 
the proteins of rat lenses, ranging in age from 8 days to over 3 years, have been 
size-fractionated Taking into account the gradual increase of water-insoluble 
protein with aging, the relative amount of α-crystallin decreases from an 
age of J year after an initial increase, the proportion of ß - and that of 
total S-crystallin decreases gradually, whereas the relative amount of 
total γ-crystallin decreases steeply in the period of exponential lens 
growth and diminishes gradually after the age of J year. The two main γ-crys-
tallin fractions present in very young lenses, γ, and γ
τ
 , were practically 
absent in older ones An age-dependent increase in molecular weight of 
α-crystal 1 in was found from 700 000 to over one million. The proportions 
of HM- and g -crystal 1 in increase gradually and continuously with age. It 
π 
was remarkable to find that the predominant rat lens β -crystal 1 in has a 
π 
tetrameri с subunit structure 
Combining these results and those described in section 3 2 for calf 
lenses to other mammalian species (rabbit and man), it has been found 
(section 5.2) that rat lenses are exceptional with respect to γ-crystallin. 
Since the relationships between β-, γ„ and γ,-crystal l m have not yet been 
fully elucidated, we classified the first two fractions as low molecular 
weight (LM-) crystallm and considered the γ -crystallm to correspond with 
the "classical" γ-crystallm The results on other vertebrate classes 
revealed that bird a-crystallin is significantly smaller than the mammalian, 
amphibian and fish protein and that all species studied have three or more 
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differently-sized oligomeric ß-crystallins. We found in bird lenses more 
than half of the soluble protein to be 6-crystallin and no appreciable 
amounts of low molecular weight crystallins. 
The present study does not yet give ultimate answers to questions 
concerning the mechanisms of aging and cataractogenesis. Moreover, it is 
still a long way to go before the crystallins give up their last secrets. 
-167-
Structuuronderzoek van oplosbare lenseiwitten in relatie tot veroudering 
SAMENVATTING 
De in dit proefschrift beschreven onderzoekingen hebben tot doel om 
door middel van de voortzetting van een fundamentele benadering meer in­
zicht te verkrijgen in de structuur van de crystallines. Dit is een ver­
eiste om de leeftijdsafhankelijke processen in de lens en hun verband 
met het ontstaan van cataract te kunnen begrijpen. In de hoofdstukken 2, 
3 en 4 worden onderzoekingen betreffende de quaternaire structuur van 
α-, β- en HM-crystalline beschreven Hoofdstuk 5 behandelt leeftijds-
gerelateerde en vergelijkende aspecten betreffende de grootte van de 
crystallines en hun onderlinge verdeling. 
Paragraaf 2 1 is gebaseerd op voorafgaand werk van Siezen et al. en 
gegevens van het stapsgewijze dissociatiegedrag van α-crystal line, ge­
ïsoleerd uit de cortex van kalfslenzen, door ureum Een model voor de 
architectuur van α-crystalline, bestaande uit d n e bolvormige lagen van 
subeenheden, wordt voorgesteld Belangrijke kenmerken zijn dat de B-ketens 
tenminste gedeeltelijk toegankelijk zijn en zich dus in de buitenste 
twee lagen bevinden. De voorstelling dat de buitenste laag slechts gedeelte­
lijk zou bezet zijn door subeenheden, is aantrekkelijk om de eerder ge­
constateerde microheterogeniteit en de leeftijdsafhankelijke toename in 
moleculairgewicht van α-crystalline te verklaren. 
Evenwichtsstudies betreffende de stapgewijze dissociatie en re-
associatie in ureum en guamdine-HCl, waarbij sedimentatie, fluorescentie 
en optische rotatiedispersie methoden gebruikt werden (paragraaf 2.2) en 
een onderzoek naar de reactie van α-crystal line met citraconylanhydnde 
(paragraaf 2.3), ondersteunen het model. Er werd gevonden dat de primaire 
dissociatie-stap (overgang van natief 19 S α-crystalline in 12-15 S pro­
ducten), geïnduceerd door intermediaire concentraties ureum of guamdine-
HC1 of door toevoeging van een behoorlijke overmaat citraconylanhydnde, 
in wezen irreversibel is. Het feit dat citraconylanhydnde in staat was om 
met alle B-ketens en met 60% van de A-ketens te reageren zonder dat de 
quaternaire structuur verstoord werd, is in overeenstemming met het in 
paragraaf 2.1 voorgestelde model. Er werd geen voorkeur voor de locatie 
van de gedeamideerde A-ketens in het inwendige of 'n de buitenlagen van de 
aggregaten gevonden. 
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In paragraaf 2.4 worden nieuwe onderzoekingen betreffende het dis-
sociatiegedrag van oL-crystalline in intermediaire ureumconcetratie door 
middel van gel permeatiechromatografi e (GPC) beschreven. Dit werd mogelijk 
na de introductie van hoge druk GPC (HPGPC) gecombineerd met kleine hoek 
laser-lichtverstrooiings-(LALLS)-detectie. De elutiepatronen verkregen met 
ureum concentraties tussen 2.6 en 4.4 M en de karakterisering van de dis-
sociatieproducten door middel van hun moleculairgewicht, de golflengte 
van hun fluorescentie-emissiemaximum en hun subeeheidsamenstelling, bleken 
wederom het model te ondersteunen. Het vermoede voorkomen van een tweede-
dissiociatie-stap-product, een aggregaat met molecuulgewicht tussen 
250 000 en 300 000, kon worden bevestigd. 
Toen de effecten van variaties in ionsterkte en eiwitconcentratie op 
lage druk GPC-elutie van kalfslensextract en de daaropvolgende karakteri-
sering door sedimentatiesnelheid onderzocht werden, bleken de ß-crystal-
line-aggregaten gevoelig te zijn voor concentratieafhankelijke dissociatie 
in kleinere aggregaten (paragraaf 3.1). Er werd geconcludeerd dat voorname-
lijk hydrofiele interacties van invloed zijn op dit reversibele aggregatie-
gedrag. Een 0. - crystalline fractie, bestaande uit trimeren (β3) kon word­
en gekarakteriseerd. 
Aanvankelijk meenden wij dat de fractie die elueerde tussen e 2- en 
γ-crystalline identiek is aan ß-crystalline; alleen het gedrag bij natrium-
dodecylsulfaat-(SDS)-electroforese bleef onverklaard. Later, toen hoge druk 
GPC gecombineerd met LALLS ter beschikking kwam (paragraaf 3.2),werden er 
twee pieken tussen de 2-еп het 20 000 dalton γ-crystalline gevonden. De 
eerste piek kon nu als ß-crystalline geïdentificeerd worden vanwege het 
zowel met LALLS als door SDS electroforese gevonden molecuulgewicht van 
28 000. De tweede piek, waarvoor molecuulgewichten van 22 000 en 23 000 
gevonden werden, werd toegeschreven aan γ-crystalline dat voorheen slechts 
Η 
in oudere lenzen gevonden is. Het voortreffelijk oplossend vermogen van de 
HPGPC-LALLS techniek resulteerde in de karakterisering van acht, in grootte 
verschillende, oligomere ß-crystalline aggregaten: β?!12, f£ 1 0, β', β„, ВД, 
Н Н U Η Η 
β^, β
3
 and β?. Andere in deze paragraaf beschreven bevindingen zijn: de 
H L L 
bepaling van een polydispersiefactor van 1,14 voor α-crystalline afkomstig 
uit de cortex van kalfslenzen, de coëlutie van vermoedelijk cytoskeletaire 
eiwitten met een aantal ß-crystallines en de aanwezigheid van zure, alsmede 
15 000 dalton Polypeptiden in de ß-crystalline fractie, die mogelijk tot 
FM-crystalline behoren. 
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Hoofdstuk 4 behandelt de structuur van hoogmoleculairgewichtsaggregaten 
uit kalfslenzen, die bij veroudering ontstaan en waarvan aangenomen wordt 
dat ze intermedi ai ren zijn in het proces dat leidt tot het onoplosbaar 
worden van de lenseiwitten In paragraaf 4.1 wordt een chromatografisch 
fenomeen beschreven dat verantwoordelijk is voor het ontstaan van een 
artificiële piek tussen de exclusi evolume fractie, waarin de grootste 
HM-crystalline-aggregaten elueren, en de α-crystal line piek. Er wordt 
aangetoond dat d n toe te schrijven is aan het gebruik van een combinatie 
van kolonmaterialen met verschillende ponegrootte Het alternatief om het 
voorkomen van een dergelijke piek te verklaren, namelijk het bestaan van 
discrete subpopulaties in runder HM-crystalline, werd derhalve onwaarschijn­
lijk. 
In paragraaf 4.2 wordt de subeenheidsamenstelling van runder HM-crystal-
line, geanalyseerd door middel van tweedimensionale gelelectroforese, be­
sproken. Er kon overtuigend worden aangetoond, dat er naast α-crystal line 
nog andere componenten aanwezig zijn, namelijk ß-crystalline en 40-43 000 
dalton Polypeptiden, waarvan een klein gedeelte als actine kon worden ge-
ïdentificeerd. HM-crystalline bleek een uitstekend substraat voor trypsine 
te zijn Omdat de 40-43 000 dalton Polypeptiden als eersten werden aangetast 
en dit gepaard ging met een aanzienlijke afname van het molecuulgewicht, 
wordt er gesteld dat deze vermoedelijk cytoskeletaire of extrinsieke mem-
braaneiwitten een belangrijke rol vervullen in het leeftijdsafhankelijke 
superaggregatieproces. 
In paragraaf 5.1 worden leeftijdsafhankelijke veranderingen in de ver-
deling van de water-oplosbare crystallines uit de rattelens beschreven. 
Deze eiwitten, afkomstig van ratten variërend in leeftijd van 8 dagen tot 
meer dan 3 jaar, werden op grootte gefractioneerd en gekarakteriseerd met 
behulp van de HPGPC-LALLS methode. Wanneer de geleidelijke toename van 
water-onoplosbare eiwitten bij veroudering in de beschouwingen wordt be-
trokken, blijkt de relatieve hoeveelheid van het α-crystalline vanaf een 
leeftijd van J jaar af te nemen na eerst te zijn toegenomen, en het aandeel 
aan 0 - en totaal ß-crystalline geleidelijk af te nemen, terwijl de rela-
tieve hoeveelheid van totaal S-crystalline in de periode van exponentiele 
lensgroei sterk en na de leeftijd van J jaar geleidelijk afneemt. De twee 
γ-crystallines die het belangrijkste bestanddeel van deze fractie in jonge 
lenzen vormen, γ, en γ, , bleken nagenoeg afwezig te zijn in oudere lenzen 
Li L2 
Er werd een leeftijdsafhankelijke toename in molecuulgewicht van a-crystal-
line gevonden, t.w. van 700 000 tot meer dan één miljoen Voor het aandeel 
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aan HM en 6„-crystalline werd duidelijk een geleidelijke toename als 
η 
functie van de leeftijd waargenomen. Verder was opmerkelijk dat de meest 
voorkomende S -crystalline moleculen van de rat een tetramere structuur 
hebben. 
De zojuist genoemde gegevens en die vermeld in paragraaf 3.2 voor kalfs-
lenzen werden uitgebreid door ook menselijke en komjnelenzen te bestuderen 
(paragraaf 5.2). Het bleek dat rattelenzen uitzonderlijk zijn met betrek­
king tot γ-crystalline. Daar de onderlinge relaties tussen β -, γ - en γ -
crystalline nog onvoldoende duidelijk zijn, werden de eerste twee fracties 
als laagmoleculairgewichts-(LM-)crystalline geclassificeerd en werd er 
aangenomen dat de γ -crystallines corresponderen met "klassiek" γ-crystal-
line. Naast de zoogdiercrystallmes werd ook nog gekeken naar de eiwitten 
afkomstig van enkele andere gewervelde dieren. Vogel-α-crystalline bleek 
beduidend kleiner te zijn dan het zoogdier-, amfibie- of visse-eiwit en 
verder bleek dat er in alle bestudeerde species drie of meer ß-crystalline 
fracties aanwezig zijn. Het aandeel van 6-crystalline in vogellenzen be-
draagt meer dan de helft terwijl geen noemenswaardige hoeveelheden laag-
moleculairgewichtscrystallmes gevonden werden. 
Het zal duidelijk zijn dat deze onderzoekingen nog geen pasklare ant-
woorden kunnen leveren op de vragen betreffende het mechanisme van verouder-
ing en het ontstaan van cataract Verder zal er nog veel werk moeten worden 
verricht voordat de crystallines ook hun laatste geheimen prijs geven. 
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STELLINGEN 
Nijmegen, 9 juni 1982 
Jacques G. Bindeis 
1. Molecuulgewichten bepaald op basis van hun relatief(ve) elutievolume 
of -tijd bij gel permeatiechromatografi e dienen met veel reserve te 
worden beschouwd. 
Hoofdstukken 3 en 5 van dit proefschrift. 
2. Het minst onderzochte structurele ooglenseiwit FM-crystalline, 
door sommigen pre-a-crystalline genoemd, is opgebouwd uit twee 
subeenheden. 
Paragraaf 3.2 van dit proefschrift. 
3. Bij bun interpretatie van de door suiker geïnduceerde veranderingen 
in de quaternaire structuur van α-crystalline, houden Liang en 
Chakrabarti geen rekening met irreversibele veranderingen in de 
structuur van dit eiwit door blootstelling aan een temperatuur 
van 370C. 
Liang, J. en Chakrabarti, B. (1981) Biochem. Biophys. Res. Conrni. 
102, 180-189. 
Siezen, R.J., Bindeis, J.G. en Hoenders, H.J. (1980) Eur. J. 
Biochem. Ill, 435-444. 
4. Bij het zoeken naar gedeamideerde aminozuurresiduen in de ßB -
crystalline keten moet er rekening mee gehouden worden dat de 
gerapporteerde aminozuurvolgorde voor de BB -keten in feite die 
ρ 
voor de ßB.-keten is. Het theoretisch berekende isoelectrisch punt 
voor de gB -keten (6,4) komt namelijk overeen met de experimentele 
waarde gevonden voor de pB -keten terwijl de experimentele waarde 
voor de ßB -keten (6,8) benaderd kan worden door een theoretische 
waarde, aannemend dat er twee asparagi ne- en/of glutaminezuur 
residuen minder voorkomen dan in de primaire structuurbepaling 
gevonden is. 
Driessen, H.P.C., Herbrink, P., Bloemendal, H. en de Jong, W.W. 
(1981) Eur. J. Biochem. 121, 83-91. 
Paragrafen 2.3, 3.1 en 4.2 van dit proefschrift. 
5. Het door Nerurkar et a l . geprefereerde a l t e r n a t i e f om de abnormale 
retardatie van γ-crysta l l ine b i j Sephadex-GZOO gel permeatiechroma-
tograf ie te verklaren (compacte structuur met Stokes-radius van 
1,7 nm) is n iet in overeenstenming met crystal lografische gegevens 
(twee domeinen met een radius van 2,5 nm). De door bovengenoemde 
auteurs verworpen mogelijkheid van bijzondere Sephadex-eiwit 
interacties is meer aannemelijk. 
Nerurkar, A.R., Pal, J.K. en Goei, S.C. (1981) Exp. Eye Res. 33, 
183-195. 
Blundell, T., Lindley, P., Moss, D., Slingsby, С , Tickle, I. en 
Turnell, B. (1978) Acta Cryst. B34, 3653-3657. 
6. Het is jaimer dat Нага, Okazaki en Ohno onduideli jk z i j n over de 
wijze waarop de HDL.- en HDL.-cholesterolgehaltes met behulp van 
hogedruk gelpermeatiechromatografie werden bepaald. Aangezien ook 
in latere publicaties geen ondubbelzinnige scheidingen van beide 
componenten worden gerapporteerd, is het onwaarschijnli jk dat deze 
methode van diagnostische waarde zal b l i j k e n te z i j n . 
Hara, I . , Okazaki, M. en Ohno, Ύ. (1980) J. Biochem. 87, 1863-1865. 
Okazaki, M. en Hara, I . (1980) J. Biochem. 88, 1215-1218. 
Okazaki, M., Shiraishi, K., Ohno, Y. en Hara, I. (1981) 
J. Chromatogr. 223, 285-293. 
7. Gezien de toenemende p o p u l a n t e i t waarin de eiwitgehaltebepaling 
volgens Bradford (gebaseerd op Coomassie blue-eiwit- interact ies) 
zich verheugt en de onzekerheid b i j het interpreteren van relatieve 
kleurintensi tei ten b i j gelelectroforese, is een systematisch onder­
zoek naar de aard van de interact ies tussen de kleurstof Coomassie 
blue en eiwit ten wenselijk. 
Bradford, M. (1976) Anal. Biochem. 72, 248-254. 
Righetti, P.G. en Chillemi, F. (1978) J. Chromatogr. 157, 243-251. 
Cantrell, S.J., Babitch, J.A. en Torres, S. (1981) Anal. Biochem. 
116, 168-173. 
8. Het is t w i j f e l a c h t i g of met de voorgestelde vervanging van de term 
molecuulgewicht (gedefinieerd als molecuulgewichtsratio) door 
relatieve molecuulmassa (symbool м ) het gewenste resul taat, een 
duidel i jk verschil te maken ten opzichte van het begrip molecuulmassa 
(symbool: м; eenheid: dal ton), bereikt kan worden 
9. De aanbeveling van Hirimel en Squire om het pigmenteiwit chlorocruo-
rine te gebruiken als standaardeiwit voor molecuulgewichtsbepalingen 
door middel van gelpermeatiechromatografie verdient geen navolging. De 
waarde van 2.9-106 voor dit eiwit, berekend door middel van de sedi-
mentatiecoëfficient met behulp van een empirische relatie, is discu-
tabel vanwege het ontbreken van betrouwbare standaardeiwitten van 
vergelijkbare grootte bij deze methode. 
Himmel, M.E. en Squire, P.G. (1981) J. Chromatogr. 210, 443-452. 
Squire, P.G. en Himmel, Μ.E. (1979) Arch. Biochem Biophys. 196, 
165-177. 
10. De verklaring van Takagi et al. voor het elutiegedrag van SDS-eiwit-
complexen bij TSK GEL G3000 SW gelpermeatiechromatografie bij fosfaat­
concentraties van 0,2 M en hoger, namelijk dat de effectieve grootte 
van de verschillende complexen gereduceerd wordt tot een niveau waar­
bij de kolom deze niet meer kan scheiden, is niet de meest waar­
schijnlijke. Veeleer dient gedacht te worden aan bijzondere inter­
acties van de SDS-eiwitcomplexen met de kolonmatrix aangezien boven­
genoemde auteurs met behulp van viscosimetrie slechts een geringe 
afname in effectieve hydrodynamische radius vonden. 
Takagi, T., Takeda, K. en Okuno, T. (1981) J. Chromatogr. 208, 
201-208. 
11. Het bij collega's te rade gaan om opmerkzaam gemaakt te worden op 
eventuele stellingen resulteert doorgaans slechts in een geringe 
en bijzonder kortstondige verruiming van het gezichtsveld van de 
promovendus. 
12. De benamingen "fopvlees" en "plantaardig vlees" voor het eiwitrijke 
gefermenteerde sojabonenproduct tempeh is incorrect en getuigen 
bovendien van slechte smaak. 
Snelder, M. (1979) Libelle keuken ABC, uitg. Spaarnestad BV., 
Haarlem. 
13. In het kader van de stimulering van deeltijdwerk dienen de Nederlandse 
Spoorwegen hun prijsbeleid aan te passen door het instellen van maand-
trajectabonnement geldig op 3 of 4 vastgestelde werkdagen. 
TOELICHTING 
Alle gewervelde dieren hebben een ooglens die behalve uit water, voor-
namelijk uit eiwitten bestaat. De lens is geïsoleerd van de andere orga-
nen doordat er geen directe verbinding met de bloedbaan is. Voedingsstof-
fen, zuurstof en afvalstoffen worden via het kamerwater aan- en afgevoerd. 
De lens blijft continu doorgroeien tijdens het leven van het individu. 
Er wordt steeds een nieuwe buitenste laag van cellen aangemaakt, terwijl 
de vorige lagen niet worden afgebroken (vergelijkbaar met de jaarringen 
van een boom of de schillen van een ui). Omdat de oudere cellen met wor-
den afgebroken maar geconserveerd blijven in het centrum van de lens (de 
kern), is dit gedeelte uitermate geschikt voor verouderingsonderzoek. Het 
allerbinnenste van de lens is reeds vóór de geboorte van het individu 
aangemaakt en door de lens van buiten naar binnen te onderzoeken kunnen 
we volgen wat er met lenseiwitten gebeurt tijdens veroudering. Dit is van 
belang om de oorzaken te achterhalen van het ontstaan van grauwe ofwel 
ouderdomsstaar waarbij de lens troebel wordt omdat de eiwitten uitvlokken 
We weten dat er bij het ouder worden grotere eiwitten ontstaan uit de 
reeds bestaande, te weten o-, β- en γ-crystalline. Deze aggregaten, die 
we beschouwen als voorlopers van de bij staar uitvlokkende eiwitten, noemt 
men HM-crystalline. Als één van de oorzaken werd gevonden, dat er breuken 
in de oorsponkelijke eiwitten ontstonden. 
In dit proefschrift worden onderzoekingen beschreven met als doel meer 
inzicht in de structuur van de lenseiwitten a- en s-crystalline te ver-
krijgen en om daarna te kijken wat er verandert als gevolg van veroudering. 
Eiwitten zijn opgebouwd uit ketens van aan elkaar gekoppelde aminozuren, 
waarvan er ZO verschillende bestaan. Zo'n keten is meestal opgerold tot 
een soort kluwen een heeft een volledig vastgelegde ruimtelijke structuur. 
Vele eiwitten bestaan uit meerdere van deze kluwens die al dan m e t gelijk 
zijn en subeenheden worden genoemd. Het α-crystal line bestaat uit twee 
soorten subeenheden: de A- en de B-ketens. We zijn nu zover dat we ons 
een voorstelling hebben gevormd (m.b.v. gekleurde ping-pong ballen) hoe 
dit eiwit is opgebouwd uit zijn ongeveer 40 subeenheden. De structuur van 
de β-crystall ines is nog m e t zo uitgebreid onderzocht. Er b l i jken meer 
verschillende subeenheden voor te komen dan b i j het α-crystal l ine hoewel 
de totale grootte van de ^-crystal l ines kleiner i s . Met behulp van een 
meuwe schei di ngsmethode konden we aantonen dat d i t e iw i t u i t twee, d r i e , 
vier v i j f , zes, acht en misschien meer subeenheden kan bestaan en dat 
deze structuren ook nog in elkaar over kunnen gaan. Het b l i j k t dat oudere 
e-crystal l ines meestal meer subeenheden per e i w i t bevatten, d i t is ook zo 
voor α-crystal l i ne, waar in dat geval zo'n 50 subeenheden één e iwi t vormen. 
B i j ons onderzoek naar de structuur van HM-crystalline bleek, dat er 
naast s l i j tage van lenseiwitten nog andere oorzaken z i j n voor het ontstaan 
van deze grote eiwitcomplexen. Met name een recent ontdekte groep eiwit ten 
staat in de verdenking een belangri jke rol h ie rb i j te spelen. 
Omdat we met de al aangeduide techniek meuwe gegevens betreffende 
runderlenseiwitten hebben gevonden, werd deze ook toegepast op de eiwit ten 
van mensen, ra t ten, konijnen, kippen, eenden, kikkers en haaien. Hierdoor 
hebben we een betere indruk kunnen kri jgen van overeenkomsten en verschi l -
len tussen de lenzen van deze dieren. 
Het moge duidel i jk z i j n dat we op weg z i j n om erachter te komen wat er 
precies met de ooglenseiwitten gebeurt b i j het ouder worden. Dit is nood-
zakel i jk om te kunnen begrijpen waarom grauwe staar ontstaat en wat we 
er eventueel aan kunnen doen. 


